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En la actualidad, los laboratorios de análisis de rutina necesitan procesar un gran 
número de muestras por día, por lo que las técnicas tradicionales quedarán 
obsoletas en los próximos años. Por esta razón, el empleo de nuevas técnicas de 
vanguardia que proporcionen la información que el cliente demande de forma 
rápida y fiable es uno de los objetivos de la Química Analítica actual.  
 El objetivo principal de esta Memoria es el uso de una técnica de 
vanguardia como es la Espectrometría de Movilidad Iónica (IMS) como alternativa 
a las técnicas convencionales para su futuro uso en los laboratorios de análisis de 
rutina. En este sentido, los objetivos específicos de esta Memoria se describen a 
continuación. 
 En primer lugar, se propone utilizar la IMS para obtener información 
cualitativa y cuantitativa de compuestos volátiles presentes en muestras de carácter 
clínico y principalmente, agroalimentario. Esta técnica puede facilitar con rapidez, 
exactitud y bajo coste la información requerida por el cliente. Por tanto, el primer 
objetivo de este trabajo consiste en desarrollar y validar métodos rápidos y baratos 
pero fiables (de vanguardia), con los que se puedan analizar gran cantidad de 
muestras para generar información global de cada una de ellas con el fin de tomar 
decisiones de forma inmediata. 
 El segundo objetivo de este trabajo consiste en diseñar sistemas de 
introducción de muestra, acoplados en línea con los equipos de movilidad iónica. 
Estos sistemas deben ser capaces de introducir los compuestos gaseosos presentes 
en muestras de diferente naturaleza, ya que muchos de los equipos comerciales de 
IMS carecen de un sistema de introducción de muestra específico para introducir 
de forma eficiente los compuestos gaseosos dentro del equipo. Por tanto, si los 
analitos volátiles no se extraen de la matriz de la muestra de forma eficiente los 
resultados no serán representativos del problema analítico. 
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 El último objetivo de esta Tesis Doctoral ha sido estudiar distintas 
herramientas quimiométricas capaces de reducir el gran número de datos que 
suministra la IMS en cada análisis y obtener resultados analíticos de forma rápida y 
fiable. 
 Capítulo I      
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ESTRATEGIAS ANALÍTICAS DE VANGUARDIA 
Y RETAGUARDIA EN EL SIGLO XXI 
  
Los laboratorios analíticos de rutina reciben cada día un elevado número de 
muestras las cuales deben ser analizadas de forma rápida y eficiente para 
proporcionar la información que el cliente necesite. En algunos casos, las técnicas 
tradicionales producen información innecesaria a la hora de tomar decisiones, por 
lo que las técnicas analíticas tradicionales pueden no ser útiles para resolver 
algunos problemas analíticos. Para responder a esta situación, se propone el uso de 
sistemas de vanguardia, los cuales pretenden responder a los dos principales 
objetivos de la Química Analítica: alta calidad metrológica y búsqueda de 
soluciones a los problemas analíticos [1]. Además otro de los grandes objetivos de 
la Química Analítica actual es la eliminación o minimización de las operaciones 
previas del proceso analítico, así como su complejidad, variabilidad, participación 
humana y las fuentes de errores sistemáticos y aleatorios.  
 Los sistemas analíticos de vanguardia deben ser fiables, robustos, 
sensibles, y deben tener un alto nivel de las propiedades productivas, es decir, 
deben ser rápidos, simples, baratos (en términos de adquisición y mantenimiento) y 
no conllevar riesgos. Los resultados proporcionados por estos sistemas deben ser 
tan representativos y fiables como sea posible, es decir, ser exactos, trazables y con 
un estrecho intervalo de incertidumbre. 
  Por definición, los sistemas analíticos de vanguardia están basados en el 
uso de herramientas analíticas de respuesta rápida (por ejemplo, instrumentación 
analítica portátil, sensores bio(químicos), inmunoensayo, kits de prueba y 
analizadores, entre otros). Hay muchos ejemplos de instrumentos analíticos 
portátiles  [2, 3], así como una variedad de sistemas ópticos principalmente 
espectrómetros ultravioleta-visibles y electroquímicos. Los sistemas o herramientas 
analíticas que permiten análisis directo de las muestras juegan un papel importante 
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en los sistemas analíticos de vanguardia como, por ejemplo, la Espectroscopía de 
Infrarrojo cercano (NIR).  
 Normalmente, los sistemas de vanguardia están asociados con algún 
método de confirmación, los cuales emplean un sistema de retaguardia. Los 
sistemas de retaguardia son métodos convencionales que normalmente implican 
pretratamiento de muestra completo, separaciones cromatográficas y 
electroforéticas y poderosos instrumentos, por ejemplo, Espectrometría de Masas 
(MS, Mass Spectrometry), Espectroscopía Infrarroja de Transformadas de Fourier 
(Fourier Transform Infrarred, FTIR), Resonancia Magnética Nuclear (RMN), 
Plasma acoplado inductivamente (ICP, Inductively Coupled Plasma) e 
hibridaciones, por ejemplo, GC-MS, LC-MS, CE-MS, ICP-MS, GC-MS-FTIR, 
LC-ICP-MS y LC-MS/MS. Todas estas técnicas son muy precisas, selectivas y 
sensibles y los resultados que proporcionan tienen un alto nivel de características 
metrológicas (alta trazabilidad con baja incertidumbre), en cambio las propiedades 
relacionadas con la productividad (rapidez, coste y riesgo) son de menos 
importancia que en los sistemas analíticos de vanguardia.  
 
 
1. Sistemas de criba de muestra 
Los sistemas de criba (screening) de muestras son una parte muy importante dentro 
de los sistemas de vanguardia las cuales pretenden clasificar las muestras en dos 
grupos (positivos o negativos) de una forma rápida y segura. Estos sistemas no 
proporcionan una información tan completa como las técnicas analíticas clásicas 
pero en muchos casos se adaptan más a las necesidades reales del cliente, al menos 
en una primera aproximación y pueden servir para discriminar entre las muestras a 
las que sí es necesario aplicarle un análisis completo y riguroso. Sólo las muestras 
que den un resultado positivo en el sistema de screening se someterán a un proceso 
analítico de retaguardia para confirmar la respuesta obtenida y así ampliar la 
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información analítica [4]. En la Figura 1 se muestra un esquema de los sistemas de 
criba.  
 
 
Figura 1. Regla de selección de un sistema de criba. 
  
 Hay que destacar que, salvo en determinadas ocasiones, como es el control 
de calidad del sistema de vanguardia, los sistemas de retaguardia no se aplican para 
confirmar muestras que han dado negativo usando el sistema de vanguardia, por lo 
que hay que tener un especial cuidado en el control de los falsos negativos 
(muestras positivas que producen una respuesta negativa en el sistema de 
vanguardia). De esta forma, el número de falsos negativos de un sistema de 
vanguardia es uno de los parámetros de calidad más importantes. 
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2. Miniaturización de los sistemas analíticos de medida  
La búsqueda del aumento de la automatización, simplificación y miniaturización 
del proceso analítico constituyen una de las tendencias actuales de la Química 
Analítica [5]. En multitud de ocasiones la etapa de preparación de muestra es el 
cuello de botella de un proceso analítico y la que normalmente implica 
necesariamente la mano de obra humana con la consecuente fuente de error, riesgo 
en salud laboral e inversión en capital humano. Una tendencia es eliminar en lo 
posible la etapa de preparación de  muestra, pero cuando ésta es indispensable, se 
intenta que sea lo más automática posible. La ventaja de la automatización está 
clara, su desventaja es el desembolso inicial, que sin embargo a la larga se amortiza 
tanto desde el punto de vista económico, como en calidad en los resultados 
obtenidos.  
 En cuanto a la miniaturización, es una tendencia que se sigue, debido a la 
decreciente cantidad de muestra disponible y a la posibilidad de fabricación de 
equipos portátiles que proporcionen información in situ que se pueda utilizar 
rápidamente [6, 7]. En muchas ocasiones la necesidad de equipamientos que 
operen en el lugar en el que ocurre el proceso no constituye una mejora y una 
simplificación del proceso analítico sino que constituye la única posibilidad de 
realizar esas medidas, como es el caso del análisis de la contaminación 
atmosférica. La obtención de límites de detección cada vez más bajos junto con el 
desarrollo de nuevos materiales ha hecho posible que existan métodos o 
dispositivos analíticos cada vez más automáticos simplificados y de menor tamaño.  
 En esta Tesis Doctoral se ha estudiado el potencial de una técnica de 
vanguardia como es la Espectrometría de Movilidad Iónica (IMS) y su aplicación 
en los laboratorios de análisis de rutina. En el siguiente apartado se desarrollará un 
resumen de la teoría fundamental de esta técnica, así como sus aplicaciones más 
importantes en los diferentes campos de análisis.  
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GENERALIDADES SOBRE LA ESPECTROMETRÍA DE 
MOVILIDAD IÓNICA 
 
 
1. Descripción general del proceso de movilidad iónica 
La IMS se introdujo en el año 1970 por Karasek y Cohen [8]. El principio de 
operación de un equipo de IMS es similar al tiempo de vuelo de un espectrómetro 
de masas, el cual se basa en la caracterización de sustancias químicas en base a la 
velocidad de los iones en fase gas en un campo eléctrico. La principal diferencia 
radica en que en movilidad iónica el análisis tiene lugar a presión atmosférica.  
 En un espectrómetro de movilidad iónica la muestra entra en estado 
gaseoso donde se ioniza gracias a una fuente de ionización y los iones formados 
pasan a través de una rendija de entrada (shutter grid) al tubo de deriva en el cual 
se lleva a cabo la separación de los iones bajo la aplicación de un campo eléctrico y 
finalmente son detectados usando un colector de iones (placa de Faraday) [9]. En el 
apartado 2 se detallarán cada una de las partes del espectrómetro de movilidad 
iónica. La Figura 2 muestra un esquema del equipo de IMS en el que se puede 
apreciar cada una de las partes.  
 La velocidad que adquiere un ión viene determinada por el número de 
colisiones que experimenta en el tubo de deriva con las moléculas de gas de deriva 
en un campo eléctrico. Esta es directamente proporcional al campo eléctrico, E (V 
cm
-1
) por la ecuación (1).  
          V=K·E     (1) 
siendo K el coeficiente de movilidad iónica. 
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Figura 2. Esquema general de un espectrómetro de movilidad iónica. 
 
 El K es característico de cada ión el cual depende de la masa y carga pero 
también, de la estructura química, es decir, depende de la forma y tamaño del ión. 
El K se ve afectado también por las propiedades del gas de deriva tales como la 
presión, temperatura y masa.  Además, la interacción entre iones y las moléculas 
del gas de deriva  influye en la velocidad de deriva del ión. 
 Una descripción teórica de la constante de movilidad iónica se deriva de la 
teoría cinética de los gases. Este modelo se desarrolló para relacionar el coeficiente 
de movilidad a las propiedades del ión a través de la ecuación de Revercomb y 
Mason [10] (ver ecuación (2)). 
     
      
 
      
           
 
         
     (2) 
N es la densidad de moléculas de gas neutro a la presión de medida, q es la carga 
del ion,  es la masa reducida del ion y del gas de la atmósfera soporte (o gas de 
deriva),  es el factor de corrección, Teff es la temperatura efectiva del ion 
determinado mediante energía térmica y la energía adquirida en el campo eléctrico, 
y d es la sección media de colisión efectiva del ión en la atmósfera soporte.  
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 La movilidad de iones se normaliza normalmente a la temperatura y 
presión a través de la constante de movilidad reducida (Ko), con el fin de comparar 
los espectros obtenidos usando diferentes condiciones experimentales. Los valores 
de Ko se calculan de acuerdo a la ecuación convencional: 
                                        
   
 
  
 
   
              (cm2 V-1 s-1)                                       (3) 
donde T y P son la temperatura y presión de trabajo en Kelvin y pascales, 
respectivamente. El cálculo de la Ko según la ecuación (3) solo es posible realizarla 
para valores bajos de campo eléctrico, ya que para valores mayores de campo la 
movilidad iónica deja de ser constante y pasa a depender del campo aplicado.  
 
 
2. Componentes de un espectrómetro de movilidad iónica 
  
2.1. Tubo de deriva 
El tubo de deriva es el componente más crucial de un analizador de IMS y defectos 
en su diseño o el empleo de materiales inadecuados puede resultar en baja 
sensibilidad, pobre resolución y efectos de memoria [9]. El tubo de deriva se 
caracteriza por dos zonas, la región de ionización o de reacción y la región de 
deriva donde se produce la separación de los iones. Estas zonas se separan gracias 
al obturador de iones. En la región de deriva, los iones se mueven hacia el detector 
en un campo eléctrico constante a través de un gas neutro (normalmente aire o N2 
purificado) en dirección opuesta al movimiento del gas de muestra. El gas de 
deriva no debe contener moléculas con las que los iones puedan formar cluster o 
reaccionar con ellos. 
  Los tubos de deriva están formados por anillos metálicos los cuales se 
separan con materiales aislantes, tales como zafiro, cristal, cerámica o teflón y se 
colocan entre el obturador de iones y el detector. Los anillos de deriva se conectan 
                                                                                                           Capítulo I 
- 14 - 
a un divisor de tensión, el cual proporciona diferencias de potencial entre los 
anillos y establece un campo eléctrico constante, lineal y uniforme. Los campos 
eléctricos pueden variar entre 200 y 400 V cm
-1
, en tubos de deriva de longitud 
comprendida entre 5 y 20 cm y una fuente de alto voltaje desde ±1 a 8 kV. 
 Los distintos diseños de tubos de deriva se diferencian en el método de 
ionización, régimen del flujo, técnica usada para crear el gradiente del campo 
eléctrico, posición, tipo y número de obturadores de iones, temperatura y método 
de detección. La Figura 3 muestra una fotografía interna de un equipo UV-IMS 
donde se puede apreciar el tubo de deriva. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 3. Vista interna del UV-IMS usado durante esta Tesis Doctoral en la 
que se señala el tubo de deriva.  
  
 
 
 
Tubo de deriva 
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2.2. Fuentes de ionización 
En este apartado se van a resumir las principales fuentes de ionización empleadas 
en IMS junto a los mecanismos de reacción para realizar la ionización de las 
moléculas gaseosas. 
 
 (a) Fuente radiactiva 
La mayoría de los equipos de IMS vienen equipados con una fuente radiactiva 
como método de ionización, siendo la fuente de 
63
Ni la más empleada. Estas 
fuentes ofrecen algunas ventajas frente a otros tipos de fuentes de ionización ya 
que son capaces de producir iones reactantes de forma estable, son de bajo peso, no 
requiere suministro energético externo ni operaciones de mantenimiento o de 
reemplazo de las partes que componen la fuente.  
 Una lámina de metal de 
63
Ni emite partículas o electrones de alta energía 
de forma espontanea. La vida media de una fuente de 
63
Ni es aproximadamente de 
100 años y las partículas  tienen una distribución media de energía de 17 keV y 
un máximo de 67 keV. En ionización con polaridad positiva, las colisiones entre 
las partículas y las moléculas de la atmósfera circundante como en el caso de  
aire o N2, producen iones N2
+
 como se muestra a continuación. 
   N2 + 
-
 → N2
+
 + ‘ + e-     (4) 
 Esta reacción inicial (4) da lugar a una serie de reacciones produciendo 
iones positivos llamados iones reactantes los cuales se usan para realizar la 
ionización de la muestra [11]. En el caso de atmósferas de aire o nitrógeno, los 
iones primarios (N2
+
) reaccionan rápidamente dando lugar a protones hidratados 
(H2O)nH
+
 llamados iones reactantes. Las colisiones de los iones reactantes con las 
moléculas de la muestra (M) dirige a la formación de un ion aducto (MH
+
(H2O)n) 
que se estabiliza con la pérdida de agua y da lugar a la formación de los iones 
producto llamados monómeros (MH
+
(H2O)n-x). El mecanismo de reacción se 
muestra en la siguiente ecuación (5). 
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  M + (H2O)nH
+ → MH+(H2O)n → MH
+
(H2O)n-x + xH2O       (5) 
 Esta reacción estará favorecida si la afinidad protónica en fase gas de las 
moléculas de la muestra es más alta que la del agua (691 kJ mol
-1
). 
 Dependiendo de las propiedades fisicoquímicas de las sustancias, de su 
concentración e incluso de las condiciones experimentales se pueden formar 
productos iónicos adicionales, llamados dímeros (M2H
+
(H2O)n-x), trímeros 
(M3H
+
(H2O)n-x ), etc. (ver ecuación 6). 
  MH
+
(H2O)n + M → M2H
+
(H2O)n-x + xH2O   (6) 
 La ionización química en polaridad negativa es un poco más compleja. 
La formación de iones reactantes ocurre mediante captura electrónica resonante, y, 
de esta forma, ocurre entre electrones de baja energía y compuestos neutros tales 
como el O2. Las reacciones ion-molécula tienen lugar entre los iones reactantes y la 
muestra, dando lugar a la formación de iones productos como se muestra en la 
ecuación (7). 
  M + O2
-
(H2O)n → MO2
-
(H2O)n-x + x H2O               (7) 
 Hay que mencionar que los compuestos, dependiendo de su estructura 
química, tienen preferencia por ionizarse en una polaridad más que en la otra. 
Compuestos tales como hidrocarburos aromáticos, ácidos carboxílicos, 
nitroalcanos, compuestos aromáticos nitrogenados y compuestos orgánicos 
halogenados presentan una respuesta favorable en polaridad negativa mientras que 
los alcanos, alquenos, entre otros, presentan poca respuesta en dicha polaridad. 
 Otras fuentes radiactivas que se han usado junto IMS son 
241
Am las cuales 
emiten partículas alfa. Un aspecto de este tipo de fuentes, tanto de 
63
Ni como 
241
Am, que hay que tener en cuenta  desde el punto de vista medioambiental, es que 
requieren licencias para poder ser usadas. Además el uso de las fuentes radiactivas 
da lugar a estrechos intervalos lineales dinámicos. 
 Las fuentes de Tritio (
3
H) están sustituyendo a las de 
63
Ni ya que estas 
proporcionan menos energía radiactiva (la energía cinética media de los electrones 
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es 6.5 keV con una energía máxima de 18.6 keV siendo 12 años el tiempo de vida 
media). La energía suministrada por este tipo de fuentes están por debajo de los 
límites de exención de los países miembros del EUROTOM [12].  
 
 (b) Fotoionización 
Las lámparas de fotodescarga se pueden usar para la ionización de moléculas 
neutras en gas a presión ambiente. Las lámparas de fotodescarga emiten fotones de 
la excitación eléctrica de los gases que rellenan la lámpara. Las lámparas que están 
disponibles comercialmente proporcionan energías de ionización entre 8.5 y 11.7 
eV. La formación  de iones positivos con fotones se lleva a cabo a través de 
ionización directa según la siguiente ecuación (8): 
    M + h → M+ + e-                            (8) 
donde hes la energía del fotón y M la molécula neutra.  
 La fotoionización se realiza con luz ultravioleta de longitud de onda corta y 
se caracteriza por una alta respuesta a compuestos químicos con bajos potenciales 
de ionización tales como compuestos hidrocarburos aromáticos y otras moléculas 
con electrones -deslocalizados. La fuente no presenta iones reactantes y tiene un 
amplio intervalo lineal dinámico.  
 Los iones negativos no se forman directamente a través del proceso de 
fotoionización pero pueden formarse a través de reacciones químicas con el 
electrón generado a partir de la reacción (8). El electrón puede unirse directamente 
a una molécula o puede sufrir ionizaciones disociativas. Además el electrón puede 
reaccionar con el oxígeno y proceder a través de reacciones de asociación. 
 La principal ventaja de las fuentes de fotodescarga se refiere a la 
selectividad, ya que ésta se puede aumentar eligiendo la fuente de la energía de 
ionización adecuada, aunque presentan tiempos de operación de vida útil cortos 
[13] 
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 (c) Otras fuentes de ionización 
Las fuentes de ionización radiactiva y ultravioleta son las fuentes de ionización 
más empleadas en IMS, pero existen otras fuentes de ionización que también se 
han empleado en IMS. Estas fuentes de ionización son de descarga corona, láser, 
ionización de superficie, entre otras.  
 Las lámparas de descarga corona se han utilizado como fuentes de 
ionización en espectrómetros de movilidad iónica sobre todo durante la década de 
los 90. Este tipo de fuentes es una alternativa a las fuentes radiactivas ya que 
pueden proporcionar una alta corriente de iones y permiten mejorar la respuesta de 
hidrocarburos no polares en modo positivo [14]. 
 Para formar  una descarga corona, se coloca un alambre de 2 a 8 mm del 
electrodo de descarga con una diferencia de potencial entre 1 y 3 kV. En el hueco 
entre el alambre y el metal conductor se desarrolla una descarga eléctrica y los 
iones formados en el hueco se parecen a los que se forman con la fuente de 
63
Ni.   
 Las desventajas de este tipo de fuente radica en la necesidad de una energía 
externa y en la formación de vapores tales como NOx y ozono que en polaridad 
negativa interfiere en las reacciones ion-molécula y degrada la respuesta de un 
analizador IMS para ciertos compuestos. Dos soluciones a este problema se han 
propuesto, una de ellas consiste en aumentar la distancia entre los electrodos [15] y 
la otra invirtiendo el flujo de aire que pasa por la aguja de la corona [16]. 
 La ionización de superficie no ha sido tan aplicada junto con la IMS como 
otras fuentes de ionización, pero puede ser una fuente de ionización selectiva para 
compuestos de baja energía de ionización como, por ejemplo, aminas [17]. En este 
tipo de fuente de ionización, la muestra se pone en contacto con una superficie 
sólida, la cual es un cristal de molibdeno que se encuentra a una temperatura entre 
300 y 500 ºC. La muestra sufre disociaciones debida a la pérdida de átomos de 
hidrógeno o grupos alquilo y a la transferencia de electrones 
 El uso de un láser como fuente de ionización emplea en un mismo paso la 
desorción o vaporización de la muestra y la ionización de los compuestos presentes 
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en la muestra. La selectividad de la ionización se puede mejorar usando láseres de 
longitud de onda en la zona del ultravioleta como láseres de excímeros, láseres de 
colorantes o la combinación de varios láseres. Aunque los láseres tienen varias 
ventajas frente a otras fuentes de ionización empleadas, está en clara desventaja en 
cuanto al tamaño y coste [18]. 
 Otras fuentes de ionización que se han empleado ampliamente en IMS son 
la ionización/desorción de la matriz asistida por láser (matrix-assisted laser 
desorption/ionization, MALDI) [9] y la ionización por electrospray 
(electrospray ionization, ESI) [19]. Estas fuentes de ionización pueden realizar en 
un único paso la ionización de las moléculas de la muestra y su posterior 
introducción de los iones dentro del equipo de medida. Estos métodos de 
ionización serán descritos en el Capítulo III de esta Memoria donde se describen 
los principales sistemas de introducción de muestras usados en IMS. La Tabla 1 
resume las fuentes de ionización más usuales de IMS. 
 
 
Tabla 1. Resumen de las técnicas de ionización usadas en IMS. 
Fuente Tipo de 
compuestos 
químicos 
Mantenimiento Coste Inconvenientes 
Radiactiva Universal Bajo Medio/bajo Requiere licencia 
Descarga corona Universal Alto Medio Requiere mantenimiento 
Fotoionización Selectiva Medio Medio Baja eficiencia 
Ionización de 
superficie 
Bases 
nitrogenadas 
Alto Medio Compleja 
Electrospray Líquidos Medio Medio Largo tiempo de limpieza 
MALDI Sólidos Alto Alto Uso limitado a 
laboratorios 
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2.3. Rendija de entrada  
La rendija de entrada de iones u obturador de iones (ion-shutter) es un componente 
importante de los espectrómetros de movilidad iónica (ver Figura 2). El obturador 
de iones consiste en alambres delgados colocados próximos entre ellos de forma 
paralela y coplanar y bajo tensión. Los alambres alternantes se aíslan mecánica y 
eléctricamente y normalmente se mantienen sobre un soporte no conductor [20]. La 
función de este dispositivo consiste en bloquear la entrada del flujo de iones dentro 
del tubo de deriva y solo deja entrar iones en un pulso pequeño (normalmente 
fijado entre 10 s y 1 ms). La entrada de iones dentro del tubo de deriva se realiza 
cuando se elimina de forma momentánea el campo eléctrico entre los alambres 
[18]. Normalmente en los espectrómetros de movilidad iónica se define como el 
grid pulse width el cual ajusta el tiempo en que el obturador de iones permanece 
abierto. 
 La rendija de entrada es un factor limitante en un espectrómetro de 
movilidad iónica ya que influye en la forma y resolución de los picos de un 
espectro de movilidad iónica. Otra limitación de la rendija de entrada son los ciclos 
de trabajo cortos y la pérdida de señal ya que solo un 1% de todos los iones de la 
muestra entran en el tubo de deriva porque el obturador solo permanece abierto 
durante aproximadamente 300 s cada 20 o 30 ms. 
  
2.4. Detector de placa de Faraday 
Al final de la región de deriva se encuentra el detector. El dispositivo que 
normalmente se emplea para detectar los iones en un equipo de movilidad iónica es 
una placa de Faraday. Una placa de Faraday (ver Figura 4) consiste en un electrodo 
simple, normalmente en forma de copa o plato, que recibe el impacto de los iones, 
tanto positivos como negativos, a detectar. Los iones se neutralizan por 
transferencia de electrones, y la señal se amplifica y se convierte a voltajes entre 1 
y 10 V. Es un detector de baja sensibilidad y gran sencillez. Puede trabajar a 
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presiones relativamente bajas, del orden de 10
-4
 mbar, y posee una gran linealidad 
de respuesta. La mínima corriente detectable es del orden de 10
-14
 A. 
 
 
 
 
 
 
 
Figura 4. Esquema de una placa de Faraday. 
 
3. Adquisición de la señal 
En un equipo de IMS con campo eléctrico lineal, el espectro de movilidad iónica es 
una gráfica de la intensidad de la señal en función del tiempo de deriva. En la 
Figura 5 se muestran las distintas formas en las que se pueden obtener las medidas 
de movilidad  iónica. Las Figuras 5A y 5B presentan respectivamente el gráfico 
tridimensional y el mapa topográfico del análisis de movilidad iónica de una 
muestra de pescado en el que se puede apreciar la adquisición de los distintos 
espectros a lo largo del tiempo de análisis. Este tipo de gráficas pueden ser útiles 
cuando se realice una monitorización en continuo de la muestra o cuando se realice 
el acoplamiento de la IMS a otras técnicas (por ejemplo, GC-IMS). La Figura 5C 
representa la gráfica estándar de la intensidad de un espectro de movilidad iónica 
frente al tiempo de deriva. 
  La salida de un espectrómetro de movilidad es en forma de señales 
analógicas, las cuales se digitalizan y se almacenan en forma de espectros. Aunque 
antes del almacenaje de los espectros se debe realizar la media de varias espectros 
debido a que la medida de un solo espectro presenta mucho ruido. De esta forma, 
Electrómetro 
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haciendo la media de n espectros similares se mejorará la relación señal-ruido del 
espectro final por un factor igual a la raíz cuadrada de n. Considerando que un 
único espectro se adquiere durante 5 y 20 ms, realizando la media de 400 
espectros, la obtención de un espectro tardaría de 2 a 8 segundos y mejoraría 20 
veces la relación señal-ruido. El número de espectros a medir dependerá de la 
cantidad mínima de analito que se necesite detectar. 
 
 
Figura 5. Gráficas obtenidas del análisis de una muestra de pescado con un espectrómetro 
de movilidad iónica con fuente de ionización ultravioleta. (A) Gráfica tridimensional; (B) 
mapa topográfico; (C) Gráfica bidimensional. 
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 El elevado número de datos que genera el análisis de compuestos gaseosos 
mediante IMS requiere el uso de técnicas de tratamiento de datos para realizar 
correctamente la interpretación de los espectros.  
 
 
4. Técnicas acopladas a la Espectrometría de Movilidad Iónica 
La IMS se puede acoplar a otras técnicas tales como GC o MS. El acoplamiento 
con GC se emplea para introducir dentro del tubo de deriva la muestra previamente 
fraccionada [21]. Además la IMS se puede usar para preparar las muestras antes 
del análisis usando la MS [22, 23].  
 La alta capacidad de respuesta y el bajo efecto memoria de los tubos de 
deriva junto con el flujo unidireccional del gas permiten la combinación de la GC 
junto a la IMS. Este acoplamiento es simple y efectivo ya que como los tubos de 
deriva operan a presión ambiente, la muestra en forma gaseosa se puede introducir 
directamente en el tubo de deriva. Los detectores de movilidad iónica pueden 
proporcionar excelentes límites de detección junto a la GC. Además la etapa de 
separación previa antes del análisis mediante IMS evita los efectos debidos a la 
matriz de la muestra lo que hace más fácil el análisis de movilidad iónica. Este 
acoplamiento se ha demostrado para la determinación de compuestos en matrices 
complejas de distinta naturaleza. 
 Una variación de la GC capilar es el uso de una columna multicapilar la 
cual consiste de cientos de capilares de 20 a 80 m de diámetro insertados dentro 
de una única columna con un diámetro entre 2 y 5 mm (ver Figura 6) y de longitud 
entre 40 y 250 mm. Las ventajas de las columnas multicapilares son su alta 
capacidad y respuesta rápida con dimensiones pequeñas por lo que este tipo de 
columnas son muy atractivas para usarse junto a equipos de IMS portátiles. Una 
limitación de las columnas multicapilares son su baja disponibilidad y alto coste de 
adquisición [24].  
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Figura 6. Imagen de un corte transversal de una columna multicapilar. 
 
 Las principales aplicaciones del acoplamiento de MCC a IMS se centran en 
el perfil metabólico de bacterias y análisis de aliento [25]. 
 Los primeros equipos de movilidad iónica se acoplaron a espectrómetros 
de masas por lo que se podía realizar la identificación de iones de un espectro de 
movilidad iónica. La movilidad de un ión es un aspecto relacionado con la masa, 
de esta forma, se puede conocer la forma y estructura del compuesto objeto de 
estudio. Además este acoplamiento permite la separación de isómeros en el tubo de 
deriva y su posterior detección usando MS, ya que la MS al trabajar en alto vacío 
no es sensible a la estructura tridimensional de las sustancias.  
 En la actualidad, de los equipos comerciales existentes para IMS-MS, los 
que combinan una celda de movilidad con un analizador de tiempo de vuelo son 
los más extendidos debido a la rápida velocidad de análisis de este tipo de MS.   
 El acoplamiento de la movilidad iónica con la MS reduce las posibilidades 
de la IMS como detector de campo, debido al aumento del tamaño y de la 
complejidad de la instrumentación. Los principales campos de aplicación de la 
IMS-MS se centran en el análisis estructural de biomoléculas [26-28] y proteómica 
[29].  
 
1mm 
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5. Características generales de la IMS  
La IMS se caracteriza en general por una alta sensibilidad, flexibilidad analítica, 
bajo coste y la capacidad para monitorizar a tiempo real. Aunque hay que 
mencionar que la sensibilidad de la técnica depende principalmente de la fuente de 
ionización que se emplee. Si empleamos una fuente radiactiva (por ejemplo, 
63
Ni) 
la sensibilidad puede ser unas 15 veces mayor que si empleamos una fuente no 
radiactiva como la ionización ultravioleta [30].  
 Además la IMS es una técnica simple que puede trabajar a presión 
atmosférica. Estas dos características hacen que la técnica pueda miniaturizarse con 
el fin de hacerla portátil y así poder hacer medidas de campo.  
 En los primeros años, la IMS se comparó con la MS ya que ambas se basan 
en la separación de iones gaseosos. Pero la principal diferencia entre ambas es que 
la MS produce la separación de iones en vacío y la IMS realiza la separación a 
presión atmosférica. De ahí que los valores de resolución de la MS sean bastantes 
elevados comparados con la IMS la cual presenta una baja resolución.  
 La Tabla 2 muestra un cuadro resumen de las características de la IMS 
frente a otras técnicas analíticas. 
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Tabla 2. Características de la IMS con respecto a otras técnicas convencionales. 
  
Panel sensorial 
 
Nariz electrónica 
Cromatografía de 
Gases-
Espectrometría de 
Masas 
Espectrometría de 
movilidad Iónica 
+ 
 
 Alta 
sensibilidad 
 Alta 
selectividad 
 
 Pequeño tamaño 
 Bajo coste 
 Poco consumo de 
energía 
 Combinación de 
diferentes sensores 
 Buena sensibilidad 
 
 Alta selectividad 
 Posible identificación 
de sustancias 
 Bases de datos 
disponibles 
 Buena sensibilidad 
 
 Buena sensibilidad 
 Rápida  
 Fácil de usar 
 Monitorización a 
tiempo real 
 Operación a 
presión y 
temperatura 
ambiente 
 Portátil 
 Buena precisión 
 
- 
 
 Elevado coste 
 Consumo de 
tiempo 
 Subjetividad 
 Entrenamiento 
previo intenso 
 Toxicidad de la 
muestra 
 
 Poca selectividad 
 Sensible a la 
humedad y 
compuestos volátiles 
del ambiente 
 Tiempo de vida 
corto 
 Baja 
reproducibilidad 
 
 
 Elevado coste 
 Consumo de tiempo 
 Necesidad de 
personal cualificado 
 
 Escasa selectividad 
 Baja resolución 
 Reacciones ión-
molécula 
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SITUACIÓN ACTUAL Y APLICACIONES DE LA 
ESPECTROMETRÍA DE MOVILIDAD IÓNICA 
 
Desde sus comienzos en el año 1970, la IMS era conocida como Cromatografía de 
Plasma [8]. Este término se usó en primer lugar porque una mezcla de iones 
positivos y negativos en fase gas se conocía como  plasma y la separación de iones 
le dio el nombre de cromatografía. El nombre de Espectrometría de Movilidad 
Iónica para la técnica no empezó a usarse hasta el año 1985. De esta forma, en una 
búsqueda bibliográfica con los términos “Ion Mobility Spectrometry” y “Plasma 
Chromatography” usando la base de datos “ISI Web of Knowledge” en Septiembre 
de 2011 se encontraron unos 1500 artículos haciendo referencia a estas palabras 
clave. Este número parece insignificante si se compara con los más de 100000 
artículos que aparecen en el mismo período de tiempo usando las palabras clave 
―Gas Chromatography” o ―Mass Spectrometry”. En la Figura 7 aparece la 
evolución que ha experimentado la IMS desde el año 1970 hasta la actualidad.  
 
  
 
 
 
 
 
 
 
 
 
Figura 7. Evolución de la IMS desde el año 1970 hasta la actualidad. Base 
de datos: “ISI Web of Knowledge” (Septiembre 2011). 
PC: Plasma Chromatography 
IMS: Ion Mobility Spectrometry 
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 Aunque la IMS apareció hace 40 años, no fue hasta mediados de la década 
de los 90 cuando hubo un desarrollo de la técnica debido a avances en la 
instrumentación [31] y a la aparición de diferentes empresas encargadas de la 
producción de espectrómetros de movilidad iónica. Estos avances se debieron a la 
capacidad de la técnica para proporcionar una respuesta rápida y sensible para la 
detección de explosivos y drogas.  
 La idoneidad de la IMS para las determinaciones de explosivos y agentes 
de guerras químicas se debe a la alta electronegatividad que presentan los 
explosivos debido a la presencia de nitrocompuestos los cuales forman iones 
negativos. La determinación de este tipo de compuestos requiere el uso de 
estrategias de muestreo útiles para que puedan ser detectadas usando el dispositivo 
de movilidad iónica debido a la baja presión de vapor de algunos explosivos [32]. 
Hoy en día, la IMS se encuentra implantada en la seguridad de numerosos 
aeropuertos internacionales para detectar de forma rápida explosivos en  equipajes 
y pasajeros. 
 En el campo de la ciencia forense, la IMS se usa para detectar cantidades 
muy pequeñas de drogas en materiales de contrabando o como método de 
screening para identificar pequeñas cantidades de sustancias ilícitas presentes en 
individuos [33]. La IMS es útil para esta aplicación, ya que estos compuestos 
presentan alta afinidad protónica debido a la presencia de los grupos amida, los 
cuales forman iones positivos.  
 Aunque las principales aplicaciones de IMS se centran en la detección de 
explosivos y la técnica está ampliamente desarrollada para el control de rutina de 
tales sustancias, existen otras áreas donde la IMS está en auge y futuros avances de 
la técnica podrán dar lugar a la implantación de la técnica en laboratorios de 
análisis de rutina para resolver problemas analíticos como alternativa rápida y 
fiable a los métodos analíticos tradicionales. La Figura 8 muestra las principales 
contribuciones de la IMS a diferentes áreas de estudio según la base de datos “ISI 
Web of Knowdledge” (Julio 2011). 
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Figura 8. Contribución de la IMS a diferentes áreas de estudio (Julio 2011). 
  
 En el campo medioambiental [34], los espectrómetros de movilidad 
iónica se han usado para determinaciones on-site de un gran número de 
compuestos químicos [35]. Esto ha estado motivado por la portabilidad de los 
equipos de medida, por el carácter de la información (cualitativa y cuantitativa)  y 
sus excelentes límites de detección. Además del análisis medioambiental, los 
procesos industriales a menudo requiren la continua monitorización de agua y aire 
por lo que el empleo de los equipos de  movilidad iónica resultan útiles en este 
campo [18]. Además la IMS se ha usado para medir la calidad del aire en 
estaciones espaciales [36].  
 En el campo farmacéutico [37], la IMS se usa principalmente para el 
control de la calidad de fármacos, monitorización de procesos, verificación de la 
limpieza de los equipos de fabricación, análisis directo de fármacos y para el 
mantenimiento de la salud y seguridad de los trabajadores.  
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 En el campo biológico la IMS se ha usado debido a la introducción de 
nuevas técnicas de ionización tales como ESI y MALDI. Estas técnicas de 
ionización junto con el acoplamiento IMS a la MS se ha aplicado para conocer la 
estructura conformacional de biomoléculas, por ejemplo, de péptidos y proteínas 
[38]. 
 En los últimos años, la IMS se ha empleado en el campo clínico para 
detectar trazas de  metabolitos volátiles presentes en el aire exhalado de individuos 
para así correlacionarlos con posibles enfermedades [39]. Estos biomarcadores se 
pueden monitorizar mediante IMS para el screening rápido y diagnóstico precoz de 
enfermedades. Por ejemplo, la IMS se ha empleado para la monitorización de 
sulfuro de carbonilo, disulfuro de carbono, isopreno y decano en pacientes con 
enfermades crónicas de hígado [40], monóxido de carbono en pacientes con asma 
[41], e isopreno y decano en pacientes con cáncer de pulmón [42]. 
 A continuación, se presenta un estudio más detallado de la IMS en el 
campo del análisis de alimentos ya que ha sido el ámbito de trabajo donde se 
enmarcan la mayoría de las aplicaciones desarrolladas en esta Memoria. 
 
 
1. La Espectrometría de Movilidad Iónica en el campo agroalimentario 
Como ya se ha comentado, la IMS es una técnica que está implantada para la 
detección de drogas ilícitas, explosivos y compuestos químicos de guerra, aunque 
existen otros campos de aplicación para los cuales la IMS ha sido utilizada pero no 
ha sido ampliamente desarrollada todavía. Este apartado se centra en el empleo de 
la IMS en el campo agroalimentario debido a que ha sido el campo de aplicación 
donde esta Memoria realiza una mayor aportación. Así, poniendo las palabras 
claves “food” and “Ion Mobility Spectrometry” en la base de datos ISI Web of 
Knowledge en julio de 2011 aparecieron alrededor de unos 50 artículos 
relacionados con estas palabras claves. El bajo número de trabajos encontrados 
demuestra el poco empleo de la IMS en el análisis de alimentos pero no por ello 
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hay que menospreciar el uso potencial de la IMS en esta área. A continuación se 
muestra un resumen cronológico de las principales aportaciones de la IMS en el 
análisis agroalimentario.  
 Las primeras investigaciones de la IMS en el campo agroalimentario se 
llevaron a cabo en los años noventa por Strachan y Ogdem, las cuales consistían en 
el cálculo de bacterias en comidas procesadas y crudas [43, 44]. En estos trabajos 
se requería el uso de una bomba para introducir los compuestos volátiles dentro del 
espectrómetro de movilidad iónica lo cual llevaba tiempo y además se podían 
producir contaminaciones. De esta forma, estos mismos autores desarrollaron en el 
año 1995 un sistema de muestreo automático para la detección de bacterias [45]. 
 En ese mismo año, Kotiaho y colaboradores propusieron un método para 
medida directa de etanol en cerveza y durante la fermentación de levaduras 
mediante el uso de membranas [46]. Un año más tarde, Rauch y colaboradores 
usaron la IMS [47] como una herramienta de screening para conocer el grado de 
frescura del café . En 1999, Keller y colaboradores desarrollaron un método nuevo 
para el análisis rápido de los alcaloides psilocibina y psilocina en hongos 
psicotrópicos usando la IMS [48]. 
 A partir del año 2000, aparecieron algunas aplicaciones usando la IMS 
para el control de calidad de carnes. Las principales aplicaciones en este campo 
consisten en la determinación de aminas biogénicas. La presencia de aminas 
biogénicas en alimentos se debe a un proceso de degradación durante su 
almacenaje causado por bacterias [49-51]. En el año 2006, Vestergaard y 
colaboradores usaron una nariz electrónica basada en el principio de la IMS para la 
medida del olor sexual de cerdos fijándose en el contenido de androstenona y 
escatol [52]. Estos mismos autores propusieron un año más tarde el uso de la 
misma nariz electrónica para realizar el control de calidad de carne preparada como 
ingrediente para pizzas [53]. Un años más tarde, Jafari y colaboradores 
desarrollaron un método usando la IMS con fuente de ionización de descarga 
corona para determinar residuos de fármacos veterinarios en carne de pollo [54]. 
En 2008, en nuestro grupo de investigación se propuso un método rápido y fiable 
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para el control de fraudes en la alimentación suministrada a los cerdos ibéricos 
[55].  
 Otras aportaciones en el campo agroalimentario de la IMS se deben a 
Vautz y colaboradores en el año 2004, los cuales propusieron un método para la 
monitorización en continuo de la cerveza durante el proceso de fermentación [56]. 
En 2008, el grupo de Tabrizchi propuso un método para la determinación de 
aflatoxinas B1 y B2 en muestras de pistacho [57]. En 2009, Gursoy y 
colaboradores realizaron un estudio preliminar para la discriminación de quesos 
[58].  
 Recientemente, se han realizado varias aportaciones usando la IMS en el 
ámbito agroalimentario. Uno de ellos consiste en el uso de un espectrómetro de 
movilidad iónica portátil para la determinación de sibutramina para el screening de 
complementos dietéticos [59]. Otra aplicación consiste en el uso de la IMS en 
modo inverso [60] para la determinación de ocratoxina A en la raíz de regaliz [61]. 
Otro grupo de investigación ha propuesto un método nuevo para la determinación 
de forma simultánea de cafeína y teofilina en muestras de té [62]. Por último, se ha 
propuesto un método de microextracción en una gota usando líquidos iónicos para 
determinar mediante IMS el 2,4,6 tricloroanisol presente en agua y vinos [63]. 
 En resumen, de acuerdo con lo encontrado en la bibliografía sobre la 
aplicación de la IMS en el campo agroalimentario se puede decir que la IMS es una 
técnica útil en el campo de la calidad y seguridad alimentaria la cual incluye el 
control de la calidad durante el almacenaje y proceso y así como la caracterización 
de productos alimenticios. En la Tabla 3, se resumen algunas de las aplicaciones ya 
comentadas de la IMS en el campo agroalimentario. 
    Tabla 3. Resumen de algunas aplicaciones de la IMS en el ámbito agroalimentario.  
Muestra Analitos Fuente de 
ionización 
Preparación de 
muestra 
Nº de 
muestras 
Límite de 
detección 
Objetivo Referencia 
Comida procesada o-nitrofenol     Enumeración de coliformes [43] 
Carne cruda y 
cocinada 
o-nitrofenol    10 g-1 Enumeración de E. coli [44] 
Comida o-nitrofenol y 
amoniaco 
63Ni    Detección rápida de bacterias [45] 
Cerveza etanol 241Am Sistema de membrana 7 0.05 % (v/v) Determinación de etanol en 
cerveza y durante la fermentación 
de levaduras 
[46] 
Café Compuestos 
volátiles 
    Monitorización de la frescura del 
café 
[47] 
Hongos Psilocibina y 
psilocina 
63Ni Sistema de membranas   Análisis de psilocibina y psilocina 
en hongos psicotrópicos 
[48] 
Carne Trimetilamina   4 2 ng  [49-51] 
Cerveza Diacetil y 2,3-
pentanodiona 
UV Espacio de cabeza  < umbral de 
olor 
Monitorización en continuo de la 
cerveza durante la fermentación 
[56] 
Carne  Escatol y 
androstenona 
241Am Espacio de cabeza 18  Control del olor sexual en cerdos [52] 
Carne de pollo Furazolidona, 
cloranfenicol y 
enrofloxacina 
Descarga 
corona 
Extracción en fase 
sólida 
 20 mg/kg Determinación de residuos de 
fármacos veterinarios 
[54] 
Carne enlatada  241Am    Control de calidad en carne para 
pizza durante su almacenaje 
[53] 
Grasa de cerdo  UV Espacio de cabeza 66  Autentificación del régimen de 
alimentación de cerdos ibéricos 
[55] 
Pistacho Aflatoxinas B1 y 
B2 
Descarga 
corona 
Extracción sólido-
líquido 
 0.25 ng Determinación de aflatoxinas [57] 
Queso  241Am Espacio de cabeza 24  Discriminación de muestras de 
quesos 
[58] 
Complementos 
dietéticos 
Sibutramina    2 ng Screening de sibutramina en 
complementos dietéticos 
[59] 
Regaliz Ocratoxina A Descarga 
corona 
Extracción mediante 
columnas de 
inmunoafinidad 
 0.01 ng Determinación de ocratoxina A en 
la raíz de regaliz 
[61] 
Té Cafeína y teofilina Ionización 
electrospray 
Extracción en fase 
sólida con polímeros de 
impresión molecular 
 0.2 y 0.3 
mg/mL 
Determinación simultánea de 
cafeína y teofilina 
[62] 
Vino 2,4,6-tricloroanisol Tritio Microextracción 
―single drop‖ 
16 0.66 ng L-1 Determinación de 2,4,6-
tricloroanisol en agua y vino 
[63] 
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En este Capítulo se resumen y describen brevemente las herramientas analíticas 
usadas en los diferentes trabajos experimentales de esta Memoria, entre las que se 
incluyen: estándares, reactivos, muestras, instrumentación, aparatos y materiales. 
Además para la realización de los trabajos experimentales se han utilizado distintas 
herramientas quimiométricas que también serán descritas en este Capítulo. 
 
 
ESTÁNDARES Y REACTIVOS 
 
En este apartado se resumen los estándares analíticos usados a lo largo de los 
trabajos experimentales incluidos en esta Memoria clasificados por familias de 
compuestos químicos. Los estándares usados fueron de alta pureza analítica y 
conservados siguiendo las indicaciones del proveedor (Sigma-Aldrich, St. Louis, 
MO, USA). 
 Aminas volátiles: trimetilamina, dimetilamina y amoníaco. 
 Cetonas: acetona y acetoína. 
 Ésteres: acetato de etilo, acetato de metilo, acetato de 3-hexenilo y acetato 
de hexilo. 
 Alcoholes: 2-metil-1-butanol, 3-metil-1-butanol, metanol, isobutanol, 1-
butanol, 1-propanol, 2-butanol, 1-hexanol, 2-hexen-1-ol. 
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 Aldehídos: etanal, propanal, 2-propenal, 3-metilbutanal, 2-butenal, 
pentanal, 2-pentenal, hexanal, 2-hexenal y nonanal. 
 
1. Otros reactivos 
 El agua usada para la preparación de las distintas disoluciones fue agua 
ultrapura, obtenida mediante un sistema de purificación Milli-Q (Millipore, 
Bedford, MA, USA). 
 El hidróxido sódico suministrado por Sigma-Aldrich (St. Louis, MO, 
USA) se usó para promover la liberación de compuestos volátiles presentes 
en muestras de pescado. 
 Alcoholes, como 4-metil-2-pentanol suministrado por Sigma-Aldrich (St. 
Louis, MO, USA) se usó como estándar interno en el análisis 
cromatográfico, mientras el etanol suministrado por Panreac (Barcelona, 
España) se usó para preparar diferentes disoluciones etanólicas. 
 Nitrógeno 6.0 y 5.0 suministrado por Abelló Linde (Barcelona, España) se 
usó como gases de deriva y de muestreo para los equipos de IMS.  
 Helio de alta pureza (99.999 %) suministrado por Air Liquide (Sevilla, 
España) se usó como gas de arrastre en el equipo de Cromatrografía de 
Gases. 
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MUESTRAS 
 
Para la realización de los diferentes trabajos experimentales presentados en esta 
Memoria se han analizado un elevado número de muestras de distinta naturaleza 
(clínica y agroalimentaria), las cuales se resumen en la Tabla 1. 
 
Tabla 1. Resumen de las muestras usadas en el desarrollo de la Tesis Doctoral. 
Tipo Sub-tipo n Origen Conservación 
 
 
Orina 
 
Humana 
 
 
Vaca 
 
 
36 
 
 
50 
 
- Hombres y mujeres de 
diferentes edades y en 
ayunas 
-Granja de Jaén 
 
 
Recipientes estériles de 
plástico a -18 ºC 
 
 
Pescado 
 
Anchoa 
Bacalao 
Boquerón 
Sardina 
 
1 
1 
1 
1 
 
 
Supermercado 
 
Viales de poliestireno a 
4ºC para el estudio de 
degradación o  a  
-18ºC 
 
 
Vino 
 
Montilla-Moriles 
Jerez 
Condado de Huelva 
Valdepeñas 
 
 
15 
13 
12 
16 
 
-Supermercado 
-Denominaciones de 
Origen 
 
Recipiente original a Tª 
ambiente y en ausencia de 
luz 
 
 
 
Aceite 
de oliva 
 
Orujo 
Oliva 
Virgen extra 
 
 
7 
19 
23 
 
 
Supermercado 
 
Recipiente original a Tª 
ambiente y en ausencia de 
luz 
 
Lampante 
Virgen 
Virgen extra 
 
27 
28 
43 
 
-Almazaras de Córdoba 
-Laboratorio Agrario de 
Córdoba  
 
 
Recipiente cristal  o 
plástico a  4ºC 
n: número de muestras 
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INSTRUMENTACIÓN 
 
La parte experimental de esta Memoria se realizó usando principalmente la IMS, 
aunque también se usó otra técnica analítica de ‗retaguardia‘ (GC) con el fin de 
comparar los resultados obtenidos con la IMS. 
 
1. Espectrometría de Movilidad Iónica 
A continuación se describen los aspectos técnicos y las variables instrumentales de 
los equipos de IMS usados en los diferentes trabajos experimentales de esta 
Memoria. 
 
 
1.1. UV-IMS 
El equipo de UV-IMS usado fue un equipo portátil de la empresa Gesellschaft für 
analytische Sensorysteme (G.A.S., Dormund, Alemania). El equipo tiene un 
tamaño de 350 mm × 350 mm × 150 mm y un peso de 5 kg. El tubo de deriva tiene 
una longitud de 12 cm el cual está sometido a un voltaje constante de 333 V cm
-1
. 
La fuente de ionización usada para la formación de iones positivos fue una lámpara 
ultravioleta que proporciona una energía de ionización de 10.6 eV. El equipo opera 
tanto a presión como temperatura ambiente. Para la adquisición de los datos se usó 
el software GASpector (G.A.S., Dormund, Alemania).  En la Figura 1 se muestra 
una fotografía del equipo UV-IMS usado. 
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Figura 1. Equipo UV-IMS suministrado por la empresa G.A.S.. 
 
1.2. Sistemas de introducción de muestra acoplados a UV-IMS 
El equipo UV-IMS no dispone de un sistema específico de introducción de 
muestra, por lo tanto fue necesario diseñar algunos sistemas capaces de extraer los 
compuestos volátiles presentes en la muestra objeto de análisis e introducirlos de 
forma eficiente dentro del espectrómetro de movilidad iónica. Los sistemas de 
introducción diseñados en esta Tesis Doctoral se describen a continuación: 
 
 Sistema de membrana 
Durante el desarrollo experimental de uno de los trabajos de esta Memoria se 
utilizó un sistema de membrana para introducir compuestos volátiles (aminas 
volátiles) presentes en muestras sólidas (pescado). Para utilizar este sistema de 
membrana junto al equipo de IMS se utilizó una microcámara, la cual se muestra 
en la fotografía de la Figura 2. Las dimensiones de la microcámara (Universal 
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Sensors, Cambridge, UK) fueron de 4 cm × 5 cm y consta de un vial de 0.5 mL y 
una membrana  colocada entre dos anillos para obtener un cierre hermético de la 
misma quedando un volumen libre encima de la membrana de 70 L. Además la 
microcámara consta de dos orificios en la parte superior, uno por donde entra el gas 
de arrastre y el otro, por donde sale el gas junto con los analitos extraídos. 
 La membrana utilizada fue una membrana de politetrafluoroetileno o teflón 
(Fluoropore®) de 1 m de tamaño de poro suministrada por Millipore (Bedford, 
MA). Esta membrana tiene un soporte de polietileno de alta densidad. Las 
membranas de teflón se caracterizan por ser hidrofóbicas y presentar una alta 
estabilidad química. La estabilidad química se debe básicamente a la protección de 
los átomos de flúor sobre la cadena carbonada. Otra característica es su 
impermeabilidad, manteniendo además sus cualidades en ambientes húmedos. Son  
también aislante eléctrico y sumamente flexibles, no se alteran por la acción de la 
luz y son capaces de soportar temperaturas desde -270 ºC hasta 300 ºC. 
 
 
 
Figura 2. Vista externa e interna de la microcámara diseñada para soportar la membrana. 
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 Sistema de flujo continuo 
Para llevar a cabo el acoplamiento de un sistema de flujo continuo a un equipo de 
IMS se usó un separador gas-líquido o separador de fase gas (GPS, Gas Phase 
Separator). Este sistema permite introducir de forma continua compuestos volátiles 
presentes en muestras líquidas dentro de un espectrómetro de movilidad iónica. El 
GPS está construido de vidrio Pirex de 4.7 mL de volumen y posee cuatro orificios, 
dos horizontales y dos verticales (ver Figura 3). Además esta interfase contiene dos 
fritas que mantiene a la muestra en la parte central del GPS e impide que esta 
permee. 
 La muestra entra por el orificio horizontal superior y sale por el orificio 
horizontal inferior gracias al impulso generado por una bomba peristáltica también 
(J. P. Selecta, Barcelona, España). Simultáneamente una corriente de gas (N2) entra 
por el orificio vertical inferior y arrastra los compuestos volátiles hacia el equipo. 
 
 
 
 
 
 
Figura 3. Fotografía del separador gas-líquido o separador de fase gas (GPS). 
Introducción 
de la muestra 
Salida de 
la muestra 
Entrada de N2 
Salida de N2 + compuestos 
volátiles 
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 Sistema de espacio de cabeza estático 
El sistema de espacio de cabeza es el sistema más simple y usado para introducir 
compuestos volátiles dentro del equipo de IMS. Estos sistemas presentan la ventaja 
de que no requieren pretratamiento de muestra y no necesitan disolventes. Además 
la sensibilidad de los sistemas de espacio de cabeza pueden verse favorecidos con 
un simple  ajuste de pH o bien la adición de una sal. 
 El sistema de espacio de cabeza usado en dos de los trabajos 
experimentales incluidos en esta Memoria consiste en un vial de vidrio donde se 
deposita la muestra, un dispositivo de calentamiento (Velp Scientifica, Usmate, 
Italy) que mantiene el vial de muestra termostatizado a una temperatura 
determinada para favorecer la liberación de los compuestos gaseosos de la matriz 
de la muestra y, por último, un sistema de válvulas de selección (Selectomite®, 
HOKE Inc., Spartanburg, SC) que permite introducir de forma on-line los 
compuestos gaseosos presentes en el espacio de cabeza tras un período de tiempo 
determinado dentro del espectrómetro de movilidad iónica (ver Figura 4). 
 
Figura 4. Vista del diseño del sistema de introducción de muestra 
de espacio de cabeza estático. 
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 Sistema de espacio de cabeza dinámico y desorción térmica 
Durante uno de los trabajos de esta Memoria se diseñó un sistema on-line capaz de 
preconcentrar los analitos volátiles presentes en una muestra y después desorberlos 
térmicamente usando una rampa de temperatura gracias al uso de un horno 
cromatográfico. Este acoplamiento unido a las características del espectrómetro de 
movilidad iónica da lugar a una mejora de la sensibilidad y selectividad de la 
técnica. Para este propósito se usó una columna empaquetada de Tenax TA de 15 
cm de longitud y 0.6 cm de diámetro. La columna está construida en acero 
inoxidable junto con todas las conexiones que se sitúan dentro del horno 
cromatográfico para evitar la dilatación de las mismas debido al empleo de 
temperaturas elevadas. Además para automatizar todo el proceso y evitar pérdidas 
debido a la manipulación del operador se emplea un sistema de válvulas de 
selección. 
 El Tenax TA  (60/80 mesh, Scientific Instrument Service, Ringoes, USA) 
es una resina polimérica porosa de óxido de 2,6-difenileno que presenta una buena 
capacidad de adsorción para compuestos volátiles y semi-volátiles, alta estabilidad 
térmica (soporta temperaturas de hasta 350 ºC), poca afinidad frente al agua, fácil 
limpieza y puede ser reutilizado un número elevado de veces. Además como la 
desorción se hace con temperatura no necesita disolventes lo cual evita la 
generación de residuos peligrosos para el medio ambiente. 
 
1.3. GC-IMS 
El equipo GC-IMS usado fue un FlavourSpec
® 
suministrado por la empresa 
G.A.S., el cual está equipado con un automuestreador de espacio de cabeza (CTC-
PAL, CTC Analytics AG, Zwingen, Suiza), una fuente de ionización de Tritio (6.5 
KeV) la cual es capaz de suministrar tanto iones positivos como negativos, y una 
columna multicapilar apolar OV-5 de 20 cm de longitud compuesta por 1000 
capilares de vidrio colocados de forma paralela y rellena con 5 % de difenilo y 95 
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% de dimetilpolisiloxano para realizar la separación cromatográfica antes del 
análisis de movilidad iónica. El tubo de deriva empleado tiene una longitud de 6 
cm y está sometido a un campo eléctrico constante de 350 V cm
-1
. El equipo 
trabaja a presión atmosférica y permite ajustar la temperatura de la columna 
multicapilar, del tubo de deriva y del inyector. 
 El automuestreador de espacio de cabeza consta de una bandeja de 
muestras con capacidad para 32 viales, un módulo de agitación y calentamiento y 
un brazo mecánico con doble función, introducir los viales en el módulo de 
incubación e inyectar el espacio de cabeza en el inyector del equipo GC-IMS.  
 Los datos fueron adquiridos a través de un ordenador integrado en el 
equipo GC-IMS y procesados usando el software LAV versiones 1.3.0 y 1.5.2 de 
G.A.S.  Las Figuras 5 y 6 muestran unas fotografías del equipo GC-IMS usado en 
esta Tesis Doctoral. 
Figura 5. Vista del equipo GC-IMS suministrado por G.A.S.. 
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Figura 6. Fotografía interna del equipo GC-IMS donde se observa 
la columna multicapilar usada. 
 
 
1.4. Parámetros instrumentales de la IMS 
A continuación se describen las variables instrumentales que se pueden optimizar 
para realizar el análisis de los compuestos gaseosos de forma eficiente usando el 
espectrómetro de movilidad iónica: 
 (i) Número de espectros: Es el número de espectros individuales que se 
adquieren en cada análisis. A mayor número de espectros mayor número de datos 
obtenidos.  
 
 (ii) Medias (averages): Es el número de espectros a tomar en un tiempo 
determinado muy reducido a partir de los cuales se hará la media para obtener un 
espectro individual. Este parámetro suele ser un número potencia de dos. Así si 
este parámetro se fija al valor de cero el espectro individual estará formado por una 
sola medida. Cuanto mayor sea este parámetro mayor tiempo se necesitará para 
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obtener un espectro individual aunque los espectros así obtenidos tendrán una 
mejor relación señal/ruido (ver Figura 7). 
 
 
Figura 7. Señales obtenidas a diferentes valores de “averages”. 
  
 (iii) Tiempo de retardo (trigger delay): Es el tiempo muerto de 
adquisición (en ms) que transcurre después de que se cierra la rendija. En términos 
prácticos, es el tiempo de deriva a partir del cual va a mostrarse el espectro. En el 
siguiente esquema puede apreciarse como después de que la rendija se cierra, 
empieza el tiempo dado por el trigger delay, en este caso se representa un valor de 
0.4 ms, una vez pasado este tiempo se inicia la captura de datos de movilidad 
iónica. 
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 (iv) Longitud del espectro: Número de muestras discretas tomadas para 
cada espectro individual. Para calcular este parámetro, se debe escoger la 
frecuencia de muestreo expresada en kHz y multiplicarla por el tiempo de 
adquisición deseado (milisegundos). Así para una frecuencia de muestreo de 30 
kHz y un tiempo de adquisición deseado de 34.5 ms el valor de la longitud del 
espectro debe ser 1024 aproximadamente. 
 (v) Anchura de la rendija (Grid pulse width): Tiempo en el cual la 
rendija permanece abierta (en s). Este parámetro es muy importante ya que afecta 
directamente a la forma y resolución de los picos del espectro de movilidad iónica. 
Si este parámetro presenta un valor bajo, menos iones gaseosos entraran a la región 
de deriva y, por tanto, se obtendrá menos señal y picos más estrechos. En cambio si 
este parámetro es grande, se obtendrá mayor señal pero los picos del espectro 
estarán menos resueltos (ver Figura 8). 
 
 
Figura 8. Espectros de movilidad iónica obtenidos a distintos valores de ancho de rendija. 
  
GPW: Grid Pulse Width 
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 (vi) Intervalo de repetición: Es el tiempo (ms) que transcurre entre la 
apertura de la rendija y el tiempo de adquisición de un espectro de transición. Con 
el siguiente esquema se muestra el tiempo total para completar un ciclo de medida 
y obtener un espectro de transición. 
 (vii) Frecuencia de muestreo: Número de medidas tomadas por ms 
utilizadas para digitalizar la señal. Este parámetro se expresa en Hz. 
 
  
 
2. Cromatografía de Gases 
El equipo de Cromatografía de Gases empleado fue un Hewlett-Packard (HP6890) 
acoplado a un detector de ionización de llama (FID) y un automuestreador 
Hewlett-Packard (HP7683). Para la separación cromatográfica se usó una columna 
capilar polar CP-WAX-57-CB (25 m × 0.25 mm). 
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APARATOS Y MATERIALES 
 
En este apartado se enumeran los aparatos y materiales más empleados en el 
desarrollo de esta Tesis Doctoral: 
- Balanza de precisión (Explorer OHAUS, Suiza). 
- Tubos de teflón y férulas de 1/8‖ (Varian, Harbor City, CA, USA). 
- Horno cromatográfico HP 5890 (Agilent Technologies, Palo Alto, CA, 
USA). 
- Vortex (Heidolph REAX top, Alemania). 
- Material de vidrio de laboratorio de clase A. 
- Viales de vidrio de 10 y 20 mL. 
- Septum de silicona/teflón. 
- Baño de agua (J. P. Selecta, Barcelona, España). 
- Medidor de flujo Alltech Digital Flow Check HRTM (Chromatographie 
Service GmbH). 
- Placa calefactora para viales (ECO 16 Thermorreactor, Velp Scientifica, 
Usmate, Italia). 
- Micropipetas (LABMATE,  PZ HTL, Warsaw, Polonia) 
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HERRAMIENTAS QUIMIOMÉTRICAS  
 
Durante el desarrollo de esta Tesis Doctoral, se han empleado una serie de 
herramientas quimiométricas con el fin de tratar la gran cantidad de datos que 
proporcionan los equipos empleados fruto del análisis de las muestras objeto de 
estudio. Las herramientas quimiométricas usadas se enumeran a continuación: 
 Análisis de varianza (ANOVA, analysis of variance): Es un método de 
análisis univariante que se basa en encontrar la presencia de diferencias 
significativas entre grupos de datos diferentes en uno o varios factores [1]. 
 Análisis de componentes principales (PCA, Principal Components 
Analysis): Es un método de análisis multivariante que se basa en el análisis 
no supervisado de datos el cual genera proyecciones a lo largo de las 
direcciones de máxima varianza de los datos analizados y permite observar 
el agrupamiento natural de las muestras en clases las cuales no se han 
establecido a priori. El PCA se basa en la reducción de variables a través 
del cálculo de factores o componentes principales, las cuales son 
combinaciones lineales de las variables iniciales [2]. 
 Análisis Linear Discriminante (LDA, Linear Discriminant Analysis): Es 
un método de análisis multivariante que se basa en el análisis supervisado 
de los datos. El LDA consiste en la clasificación de los objetos en clases 
las cuales se han establecido a priori. Este método se basa en el cálculo de 
nuevas variables llamada funciones discriminantes, las cuales se obtienen 
de combinaciones lineales de las variables originales [2].  
 Método del k-vecino más próximo (kNN, k-Nearest Neighbour): Este 
método de clasificación es el más básico el cual consiste en asignar cada 
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nuevo objeto dentro de un grupo definido previamente mediante un 
modelo de calibración dependiendo de la distancia del objeto desconocido 
a las K muestras del conjunto de calibración. 
 Regresión de mínimos cuadrados parciales (PLS, Partial Least Squares 
Regresion): Este método de regresión maximiza la covarianza entre la 
variable explicativa X y la variable respuesta Y [3]. 
 
Antes de llevar a cabo el análisis quimiométrico de los datos analíticos 
suministrados, es necesario realizar una visualización de los datos con el fin de 
decidir cuáles son los más importes para realizar el análisis multivariante. Además 
es necesario realizar un paso previo de tratamiento de los datos (pretratamiento o 
preprocesado) con el fin de ajustar el conjunto de datos antes de aplicarle cualquier 
algoritmo estadístico. La Tabla 2 presenta las herramientas usadas en esta Tesis 
Doctoral para el preprocesado de los datos. 
 
Tabla 2. Herramientas usadas para el pretratamiento de los datos. 
Preprocesado Descripción general 
Filtrado 
(Savitzky-Golay) 
Se basa en el cálculo de una regresión polinomial local (de grado k), con 
al menos k+1 puntos equiespaciados, para determinar el nuevo valor de 
cada punto. El resultado será una función similar a los datos de entrada, 
pero suavizada. 
Ajuste a línea de base Selecciona regiones libres de señales, proporcionado un polinomio de 
dichas regiones, y resta la línea de base al espectro original. 
Alineamiento Se basa en un ajuste polinómico de la posición de los picos de 
referencia observados a su posición esperada. 
Centrado de media Se establece un valor medio para cada variable evaluada. Este valor será 
después sustraído de cada dato para dar lugar a una matriz centrada en 
el medio. 
  
                                                                                                         Capítulo II 
- 58 - 
 Por último, para demostrar la fiabilidad del modelo estadístico se han 
usado las siguientes técnicas de validación: 
 
 Validación cruzada: Es una técnica de validación donde los datos de 
calibración se dividen en dos bloques y estos pueden ser muestreados de 
forma continua, en intervalos o de manera aleatoria. La idea consiste en 
mantener cada bloque de datos fuera una vez, entrenar el modelo con un 
grupo de datos y usar el grupo que se ha mantenido al margen para validar. 
La validación cruzada se emplea para comparar modelos similares, para 
elegir la complejidad del modelo y además se puede usar para obtener 
información del nivel de error de la predicción [3]. 
 
 Validación hold out: Consiste en dividir la matriz de datos inicial en datos 
para la calibración y en datos para la validación. Los datos de validación 
no se deben someter al mismo tratamiento quimiométrico junto a los datos 
usados de calibración del modelo solo se le debe aplicar el mismo 
preprocesado. Este método de validación se recomienda para cuando se 
tenga un número elevado de objetos o muestras. 
 
 Validación bootstrap: Es un método de validación muy robusto el cual 
implica el muestreo con reemplazo de una matriz de datos o la adición de 
ruido aleatorio de una distribución conocida a los datos para estimar las 
propiedades de la distribución del muestreo implícito y hacer estimaciones 
estadísticas e intervalos de confianza más robustos [3]. 
 
Los softwares estadísticos usados para  el tratamiento estadístico de los 
datos así como el preprocesado de los mismos y la validación son los siguientes: 
 SPSS 12.0 (Inc., Chicago, IL, USA). 
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 Matlab (The Mathworks, Inc., Natick, MA, USA, 2007) junto con el 
paquete estadístico PLS Toolbox 5.2.2 (Eigenvector Research, Inc., 
Manson, WA, USA). 
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INTRODUCCIÓN 
 
Como ya se ha descrito en la Introducción de esta Memoria los espectrómetros de 
movilidad iónica se diseñaron para detectar iones en fase gas los cuales se forman a 
partir de las moléculas presentes en una muestra usando una fuente de ionización. 
Aunque la IMS se ha diseñado para dicho propósito, los equipos de movilidad 
iónica raramente vienen con un sistema de introducción de muestra (Sample 
Introduction System, SIS) específico para la inserción de compuestos volátiles 
dentro del tubo de deriva. Los SISs que se acoplan a los distintos equipos de 
movilidad iónica deben satisfacer dos requerimientos fundamentales. El primero 
consiste en que las moléculas gaseosas se deben producir a partir de una muestra la 
cual se encuentra a presión ambiente. Un segundo requerimiento es que las 
medidas de IMS deben proporcionar una información analítica lo más real posible 
de la muestra sin que el SIS distorsione la información analítica presente en ella.  
 En el primer trabajo de este capítulo se muestra una revisión sobre los  
SISs que han sido acoplados a lo largo de los años a los equipos comerciales de 
IMS para introducir muestras de diferente naturaleza o estado de agregación 
(sólida, líquida y gaseosa). Entre los principales SISs utilizados se encuentran: 
tubos de permeación, muestreadores de espacio de cabeza, sistemas de membrana, 
microextracción en fase sólida (solid-phase microextraction, SPME), sistemas de 
desorción térmica, columnas multicapilares, ionización por electrospray y 
desorción láser asistida por matriz entre otros sistemas. Este trabajo de 
investigación se llevó a cabo al comienzo de esta Tesis Doctoral para dar a conocer 
los SISs más empleados desde la aparición de la técnica hasta el año 2007, el cual 
fue publicado como trabajo de revisión en la revista científica Trends in Analytical 
Chemistry en el año 2008. 
                                                                                                            Capítulo III 
- 64 - 
 Para actualizar este trabajo de revisión, se ha realizado una búsqueda 
bibliográfica de los SISs usados desde el año 2008 hasta la actualidad. Los 
sistemas de microextracción, principalmente la SPME, ha sido el sistema más 
usado en estos últimos años. Este sistema se ha usado principalmente para 
determinar drogas y explosivos [1-6]. Una modalidad de la SPME que se ha 
utilizado para determinar este tipo de analitos es la SPME de geometría planar la 
cual no necesita de una interfase para acoplarla a la IMS [7-9] y además debido a 
su alta área superficial proporciona mejores límites de detección que la SPME [10]. 
Otro tipo de microextracción basada en una gota y líquidos iónicos se ha usado 
para la determinación de trihalometanos en muestras de agua [11] y para la 
determinación de 2,4,6-tricloroanisol en muestras de vino [12]. La microextracción 
líquido-líquido [13] y la microextracción mediante fibra hueca [14] combinada con 
electrospray también se ha usado para determinar fármacos en muestras de orina y 
plasma.  
 Otro sistema muy empleado para introducir e ionizar directamente 
muestras de líquidas en el espectrómetro de movilidad iónica es el sistema de 
electrospray (ESI) [15,16]. La ESI de alta resolución se ha utilizado para la 
determinación de insecticidas usando temperaturas elevadas y evitando la 
obturación de la aguja [17]. La ESI a presión ambiente junto a la IMS permite la 
separación de forma rápida y sensible  para detectar nucleótidos y nucleósidos [18]. 
Los polímeros de impresión molecular junto a ESI-IMS se han aplicado para la 
separación selectiva y cuantificación de fenazopiridina en muestras de suero y 
farmacéuticas [19]. 
 Las columnas multicapilares junto con la IMS han sido objeto de 
investigación en estos años para realizar el análisis de muestras de aliento. Esta 
aplicación se favorece por la sensibilidad que proporcionan ambos sistemas [20-
22]. 
 En estos últimos años también se han empleado otros sistemas menos 
convencionales para la introducción de muestras dentro del espectrómetro de 
movilidad iónica. Se ha diseñado un preconcentrador de muestra para la  
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introducción de pesticidas organofosforados en muestras de agua. Este 
preconcentrador se compone de un microplato calentador recubierto con una capa 
absorbente, una de politetrafluoroetileno (PTFE) de circuito impreso y un cilindro 
de PTFE [23]. También se han acoplado a equipos de IMS unidades de desorción 
para el análisis directo de aminas biogénicas en pelo [24]. Un puerto de inyección 
modificado de un cromatógrafo de gases se ha usado como SIS para determinar 
aminas biogénicas [25]. Por último, se ha acoplado un sistema de espacio de 
cabeza a un equipo de IMS para determinar metadona en pelo obteniendo un límite 
de detección de 0.01 ng/mg [26].  
 Después de revisar todos los trabajos de investigación en los que se 
describen los distintos SISs acoplados a equipos de movilidad iónica y evaluar de 
forma crítica cada uno de ellos, en esta Tesis Doctoral se han empleado algunos de 
ellos introduciendo mejoras para llevar a cabo el acoplamiento on-line a nuestro 
equipo de movilidad iónica. Los SISs descritos en esta Memoria son baratos, 
faciles de manipular y versátiles entre otras características. 
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This article reviews available sample-introduction systems (SISs) for coupling to 
ion-mobility spectrometry (IMS) equipment. A wide variety of devices are 
currently in use to introduce gas, liquid and solid samples into IMS instruments. 
The systems reviewed in this work include permeation tubes, purge vessels, 
dilution glass flasks, headspace samplers, evaporator units, membrane inlets, solid-
phase microextraction units, stir-bar sorptive extractors, thermal desorption units, 
chromatographic columns and supercritical fluid chromatographs, in addition to 
electrospray ionization and matrix-assisted laser desorption/ionization ion sources. 
Currently available SISs perform far from ideally, so there is still a need to develop 
new, more efficient choices for introducing samples into IMS equipment in a 
reliable manner. 
 
Keywords: Ion-mobility spectrometry; Sample-introduction system. 
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1. Introduction 
Interest in ion-mobility spectrometry (IMS) lies mainly in its high sensitivity and 
analytical flexibility, its low cost and its suitability for real-time monitoring 
purposes. Despite these attractive features, the IMS technique remains poorly 
known and interest in it has declined possibly as a result of some 
misunderstandings. Thus, IMS has been mistakenly compared with mass 
spectrometry (MS) despite the much lower peak resolution and the inability of MS 
to provide mass information. By contrast, IMS can separate isomers that may be 
invisible to a mass spectrometer without the need for multiple-MS measurements. 
In addition, some chemical aspects of ion formation at atmospheric pressure have 
not been fully appreciated or understood [1–4]. Although IMS has been conceived 
for monitoring volatile analytes, IMS equipment rarely comes with a specific inlet 
system to produce gaseous compounds. An efficient sample-introduction system 
(SIS) is therefore an essential supplement to IMS since, if analytes are inefficiently 
extracted from samples or transferred to an IMS instrument, measurements can 
hardly be representative of the analytical problem at hand. 
 The targets of the IMS technique have evolved from gaseous samples to 
liquid and solid samples, which can be delivered to an IMS via a variety of SISs. 
Effluents from supercritical fluid chromatography (SFC) [5], liquid 
chromatography (LC) [6] and capillary electrophoresis (CE) [7] have been 
introduced into IMS instruments in this way. Most IMS analytical methods 
recommended for the analysis of liquid and solid samples involve time consuming 
sample-preparation steps that occasionally use organic solvents. This requires the 
use of appropriate sample treatments prior to IMS analysis. However, future 
research can help develop an effective, fast, pre-separation procedure for coupling 
to on-site IMS determinations. 
 This article examines various examples of each type of system in order to 
help potential users choose the most suitable SIS for solving their analytical 
problems. Table 1 shows selected SIS–IMS combinations used to determine 
various analytes present in different types of samples. 
Table 1. Different sample introduction systems coupled to IMS 
Sample introduction system Analytes Sample Ionization source LODs Ref. 
Permeation tubes Aliphatic and aromatic hydrocarbons 
Halogenated aromatics  
Pure liquids 
- 
Corona discharge 
APPI 
mg L –1 [8] 
[9] 
Sample container Chlorobenzene 
Alcohols 
Biogenic amines 
Water 
- 
Muscle food 
Corona discharge 
UV 
63Ni 
3 mg L-1 
1 mg L-1 
2 ng 
[10] 
[11] 
[12] 
Headspace sampling by a syringe Aliphatic and aromatic amines Pure liquids 63Ni - [14] 
 Bacteria Pure cultures 63Ni - [15] 
Ceramic evaporator Pesticides 
 
Explosives 
Liquid matrices 160Ci241Am radioactive 
Corona discharge 
ng o g  
 
ng or pc  
[16] 
 
[17] 
Membrane inlet Ethanol Beer and yeast fermentation 160 Ci241Am radioactive 0.2 % (v/v) [18] 
 Ammonia Aqueous sample 63Ni 1.2 mg L-1 [19] 
 MTBE and BTX Gasoline UV, 63Ni mg L-1, pg L-1 [20] 
 Methyl tert-butyl ether Water 63Ni, Corona discharge 100 g L-1 [21] 
Solid phase microextraction Ephedrine Urine 63Ni 50 ng mL -1 [23] 
 BVOCs, diazepam and cocaine Leaves, aqueous solution 63Ni ng mL-1 [24] 
Stir-bar sorptive extraction Trinitrotoluene and 1,3,5-trinitro-
1,3,5-triazine 
Water 63Ni 0.1 and 1.5  
ng mL-1 
[28] 
Thermal desorber unit Trimethylamine 
Diphenylamine and nitro and nitro 
derivates 
Meat food 
Smokelles gunpowder 
63Ni 
63Ni 
0.6 ng 
- 
[30] 
[31] 
Multicapillary columns Acetone, 2-butanone, diethyl ketone, 
benzene, toluene, m-xylene 
Human breath UV ppbv or pptv  [38] 
 Benzene, toluene, m-xylene - UV ng [37] 
Capillary supercritical fluid 
chromatography 
Series of benzoates and 
methyl esters 
Pure liquids 63Ni 2 ng [41] 
Electrospray ionisation Peptides and proteins - Electrospay 10-15 mol L-1 [49] 
Matrix assisted laser desorption Tripeptides - MALDI - [60] 
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 This review is by no means intended to provide readers with a detailed 
description of all available literature on IMS, which currently amounts to more 
than 2000 papers; rather, it is chiefly concerned with the joint use of SIS and IMS. 
Also, the foundation and basic applications of IMS are beyond its scope and can be 
found in a number of sources elsewhere. 
 
2. Sample-introduction systems (SISs) 
This review focuses on those SISs that have so far been coupled to IMS for 
different purposes, e.g.: 
 (a) facilitating the precise, reproducible handling of samples; and, 
 (b) allowing accurately measured volumes of sample to be injected into a 
flowing carrier stream (usually an inert gas, such as nitrogen). 
 The strengths and weaknesses of each SIS are summarized in Table 2. An 
ideal SIS should have as many positive attributes as possible. 
 
2.1. Permeation tubes 
Permeation tubes are small containers filled with a pure chemical in a two-phase 
equilibrium between gas and liquid phases. Tubes can be custom-made or 
purchased from a number of international manufacturers. The containers are made 
of a suitable inert polymeric material and used at a constant temperature.  
 The potential of permeation tubes for coupling to IMS was illustrated by 
Borsdorf et al. in a paper published in 2000 [8]. The tubes they used were pieces of 
polyethylene tubing 35 mm in length, 6 mm in outer diameter and 4 mm in inner 
diameter. The tubes were previously filled with a volume of ca. 300 L of 
substance and placed in sealed headspace vials; however, in order to reduce the 
sample volume, the vials can be replaced with glass columns containing a glass 
microcapillary that could hold up to 30 L of substance. 
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Table 2. Attributes of the sample introduction systems studied. 
 
SIS type 
Analytical properties 
Productivity-related Quality-related 
Low cost Ease of 
handling 
Portability Robustness(1) Automatability(2) 
Permeation tubes Positive Positive Positive Negative Negative 
Purge vessels and 
dilution glass flasks 
Positive Positive Positive Negative Negative 
Headspace 
samplers 
Positive Positive Positive Negative Positive* 
Evaporation units Positive Positive Positive Positive Negative 
Membrane inlets Negative Positive Positive Positive Positive 
SPME Negative Positive Positive Negative Negative 
Stir-bar sorptive 
devices 
Negative Positive Positive Negative Negative 
Thermal desorption 
units 
Negative Positive Positive Positive Negative 
Chromatographic 
columns 
Negative Negative Negative Positive Positive* 
SFC Negative Negative Negative Positive Positive* 
ESI Negative Negative Negative Positive Positive* 
MALDI Negative Negative Negative Positive Positive* 
(*) The device could be easily automated by suitably altering the SIS. 
(1) Robust design generally means that the system is capable of operating correctly under a great many 
conditions. 
(2) SIS coupled to IMS and operating directly without or with minimal human intervention. 
 
 The temperature of the inlet system was 80 ºC. The permeation tubes were 
flushed with purified, dried ambient air at a constant flow rate and the sample gas 
stream was split by means of a flow controller. These authors used a permeation 
tube in-line coupled to a corona discharge IMS for the determination of n-alkanes, 
branched-chain alkanes and aromatic compounds. The concentration of compounds 
in the sample gas stream was calculated from the weight lost by the permeation 
vessels over a preset length of time. Later, in 2007, the same authors [9] used this 
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system to characterize the ion mobility of halogenated aromatics; to this end, they 
used field-deployable IMSs with atmospheric-pressure photoionization. The SIS 
used allowed the sample gas stream to be diluted within the low mg/L 
concentration range.  
 Permeation tubes are inexpensive, easy to use so that they can be 
constructed in variable sizes and from various materials, which affords universal 
use. Also, empty tubes can be easily disposed of once all compounds have 
permeated through them. Their main disadvantage is that they must be handled 
manually, so they cannot be deemed robust components. 
  
2.2. Purge vessels and dilution glass flasks 
Purge vessels and dilution glass flasks have been used fairly often over the past 
five years. We have chosen the purge system developed by Borsdorf et al. in 2001 
[10] to illustrate this type of SIS (see Fig. 1A). Samples were continuously diluted 
with pure water and then propelled to the purge vessel by a peristaltic pump. 
Volatile organic compounds in the sample were purged with purified air via a frit. 
The resulting sample gas stream was rarefied with purified, dried ambient air and 
fed to the IMS by an internal sample gas pump. This analytical procedure allows 
the determination of chlorobenzene over the concentration range 3–30 mg/L in 
water samples. Analytical results can be obtained within 5 min.  
 Sielemann et al., also in 2001 [11], used a similar device consisting of a 
dilution glass flask for the continuous detection of various alcohols at 
concentrations 1–100 mg/L. The flask (Fig. 1B) had a volume of 5.8 L and was 
filled with nitrogen. A union-cross on the flask lid was connected with the carrier 
gas line for dilution on one side, the measuring system on another, the liquid 
substance being injected through a septum on a third side. Pure liquids were thus 
injected into the exponential dilution flask by means of a syringe.  
 A similar SIS was reported in 2002 by Karpas et al. [12], who used a 
straightforward sampling procedure involving driving headspace vapors from the 
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sample container (e.g., a 60 mL polystyrene vial) to the IMS with the aid of a 
stream of clean air. This system was used to determine trimethylamine (TMA) in 
spoilage of muscle food products with a limit of detection (LOD) of 2 ng.  
 In summary, dilution methods may be used provided the dilution of sample 
concentration saturates the reaction region of an IMS analyzer. These devices are 
easy to handle, inexpensive and suitable for on-site analyses. Their main weakness 
is that they do not afford automation of the process. Another drawback is related to 
rubber septa; thus, vessels closed with a rubber septum allow the vapor phase to 
come into contact with a relatively large area of the rubber surface; this may result 
in significant adsorption of some components and have an adverse effect on the 
results. Moreover, using an exponential dilution method in this situation is 
inadvisable when a high throughput is required. Finally, this system is far from 
robust. The amount of sample introduced into the IMS depends on the type of 
vessel or glass flask used, and also on the length of the tube connecting the two 
systems. 
 
Figure 1. (A) Glass flask for extracting volatile organic compounds from water samples 
(reprinted from [10], © 2001, with permission of Elsevier). (B) Exponential dilution system 
(reprinted from [11], © 2001, with permission of Elsevier). 
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2.3. Headspace samplers 
Headspace samplers consist of a vaporization container facilitating equilibrium, a 
heating device intended to keep the headspace container at a constant temperature, 
and an injection device for transfer of the vapor phase from the headspace 
container into the IMS equipment. Early headspace systems consisted of a glass 
vial sealed with a rubber septum where vapors were transferred by using a gas-tight 
syringe [13]. These systems have remained in used for some time. In 1989, Karpas 
et al. [14] used one to obtain the positive ion mobility spectra for various aliphatic 
and aromatic amines. Their SIS consisted of a syringe needle that was held over the 
sample headspace for 5–10 s and then inserted through the inlet orifice. Some 
headspace samplers required opening the sample bottles and drawing in the 
headspace to the IMS system via an integral pump. This procedure was time-
consuming, and prone to inaccuracies and cross-contamination, so it was 
eventually replaced with an automated alternative.  
 Conventional autosampling methods allow the detection of headspace 
gases in a membrane-sealed vial by using a hypodermic needle. However, the large 
flow rate to be used with the IMS system (120 mL/min) and the need to sample 
each vial at hourly intervals led Strachan et al. in 1995 [15] to develop a 
mechanical system consisting of a carousel capable of accommodating multiple 20-
mL disposable plastic syringes for the rapid detection of bacteria. Each syringe was 
controlled to discharge 10 mL of headspace gas into the IMS via a solenoid-
activated manifold.  
 Headspace samplers have been used for the determination of various 
analytes, including amines, methylt-butyl ether, methamphetamine and 
petrochemical fuels. The sensitivity of the headspace-sampling system can, in 
some instances, be improved by adjusting the pH, salting out or raising the 
temperature of the sample. Headspace devices are among the simplest SISs used to 
introduce gases into IMS equipment. We suggest replacing the syringe with a 
device allowing the headspace gas to be automatically delivered to the instrument. 
The three systems discussed in Sections 2.1–2.3 require no alteration of the IMS 
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housing; also, they admit the sample vapor as an underflow to the normal ‗‗sample 
in‘‘ flow. 
 
2.4. Evaporation units 
Evaporation units can be custom-built in the laboratory or purchased from various 
manufacturers. In general, they consist of a robust conductive ceramic material and 
an additional ceramic inset. The evaporator can be assembled on a water-cooled 
base plate simultaneously acting as an electrical ground contact. The opposite pole 
is insulated electrically, but not thermally. The earliest ceramic evaporation unit 
used in conjunction with an IMS was employed in the detection of various 
pesticides in liquid matrices by Touvinen in 2000 [16]. The LODs for the 
pesticides were in the ng or g region. A solution volume of 10 L was injected 
and vaporized in an evaporator at 300 ºC for insertion into an IMS by means of an 
air pump. Compared to conventional IMS, this aspiration technique features fast 
response, high sensitivity, real-time vapor-monitoring capabilities, easy 
maintenance and low cost. In addition, the cell tolerates high chemical 
concentrations and still recovers quickly. 
 In 2003, Khayamian et al. [17] developed an alternative evaporation unit 
where the carrier gas was passed through an injection port consisting of a brass-
alloy tee. Samples were introduced by means of a brass cap holding a thin 
nichrome filament. A volume of 10 L was placed on the filament and, following 
evaporation of the solvent, the cap was inserted into the injection port. The carrier 
gas was used to drive the analyte vapor to the IMS cell. This system was evaluated 
by quantifying various explosives including 2,4,6-trinitrotoluene, pentaerythritol 
tetranitrate and cyclo-1,3,5-trimethylene-2,4,6-trinitramine with LODs in the 
region of 10
-10
 g. This system could be automated by coupling a flow system to the 
evaporation unit in order to introduce in-line produced volatile compounds. 
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2.5. Membrane-inlet systems 
The use of membrane units coupled to IMS equipment allows one to boost the 
selectivity and/or the sensitivity of some analyses. Diffusion through the 
membrane is influenced by the molecular mass of the analytes and the temperature. 
However, in some cases, membranes can pose problems derived from clogging of 
pores by suspended particles or components of a high molecular weight 
occasionally present in samples or from deterioration through contact with a 
sample. 
 In 1995, a membrane-inlet system was used for the on-line IMS 
determination of the ethanol content of beer and monitoring yeast fermentation 
over the concentration range 0.2–10% (v/v) [18]. The custom-made membrane 
inlet was made of stainless steel and a microporous polypropylene membrane was 
clamped between the sides of the membrane inlet. Both the membrane inlet and the 
incoming sample stream were heated using a thermostatted circulation water bath. 
Formation of water droplets beyond the membrane inlet was avoided by using a 
water trap between the membrane and the IMS equipment. 
 Przybylko et al. [19] used a silicone membrane to determine aqueous 
ammonia by IMS (see Fig. 2A). They sought to determine the accuracy with which 
the unit could monitor slowly changing concentrations of aqueous ammonia. The 
LOD thus obtained was 1.2 mg/L. Water was passed from the sample inlet, through 
a heater into the membrane-inlet manifold, and then out to waste, by means of a 
pump. The membrane, fabricated from 10-m thick dimethylsilicone rubber, 
allowed ammonia present in the water to partition across it into the carrier gas, 
which then swept it into the ionization chamber of the IMS. 
 In 2003, a similar tubular membrane-extraction unit was used by 
Baumbach et al. [20] to extract methyl tert-butyl ether (MTBE), a gasoline 
additive, in water and nitrogen. The LODs for MTBE were 2 mg/L (UV) and 30 
pg/L (Ni-63) in nitrogen, and 20 mg/L (UV) and 1 mg/L (Ni-63) in water. The unit 
(Fig. 2B) is simple, effective and easy to automate for further uses. Extraction with 
it is highly selective because organic molecules are more readily soluble in silicone 
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than in water. In such non-porous structures, molecules first dissolve in the 
membrane and then diffuse by effect of a concentration gradient. 
 
 
Figure 2. (A) A membrane inlet system (reprinted from [19], © 1995, with permission of 
Elsevier). (B) Tubular membrane extraction unit (reproduced from [20], © 2003, with 
permission of American Chemical Society). 
 
 Another membrane-extraction unit was used for the determination of the 
same analyte (MTBE) in water samples, using IMS with 
63
Ni ionization and corona 
discharge ionization [21]. An LOD of 100 g/L was obtained for the on-line 
procedure. The membrane was custom-made by dissolving 1 g of silicon rubber in 
7 mL of n-hexane. The inlet membrane thus obtained was 250–300 m. The 
membrane, which had a surface area of 7 cm
2
, was fixed in an acrylic glass holder. 
The sample solution was passed through the water-bearing side of the membrane 
by means of a peristaltic pump. In order to improve mass transfer, a magnetic 
stirrer was placed in this part of the extraction cell. The vapor space on the other 
side of the membrane had a volume of 3.5 cm
3
. The gas stream through the vapor 
space was primed by the internal sample gas pump of the IMS. 
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 The potential of membranes in SISs has been demonstrated in more than 
500 papers. This number of papers accounts for roughly one quarter of all papers 
published on IMS, which testifies to the high utility and strong impact of the use of 
membranes prior to IMS analysis. 
 Based on the contents on such papers, which are concerned with 
headspace, evaporation and membrane inlet units, we suggest examining the 
potential of pervaporation units as alternatives to these SISs for IMS analysis.  
Analytical pervaporation integrates continuous evaporation with gas diffusion in a 
single module. The process involves two steps, namely: evaporation of volatile 
species from a heated donor liquid or solid phase and, once the target species have 
been sorbed and diffused through a porous hydrophobic membrane; and desorption 
in a cool acceptor solution on the other side of the membrane [22]. 
 
2.6. Thermal desorption units 
Thermal desorption (TD) is a physical separation process that uses heat to increase 
the volatility of compounds in such a way that they can be removed (separated) 
from their solid or liquid matrix. The desorber unit operates like a large oven. TD 
systems have varying degrees of effectiveness against the full spectrum of organic 
contaminants. In some cases, TD works where other clean-up methods cannot (e.g., 
at sites with highly polluted soil). Among other advantages, TD provides a faster 
clean-up method than most alternatives. Also, TD equipment is often less 
expensive to construct and operate than equipment for other heat-based clean-up 
methods. Finally, most TD units are portable. However, the applicability and the 
effectiveness of TD are restricted by factors such as the need for dewatering in 
order to ensure acceptable soil moisture levels and the vulnerability of the 
processor unit to highly abrasive samples. 
 By using the SIS described, samples can be directly injected into an IMS 
by depositing analytes on a membrane filter in a desorber unit, and subsequently 
vaporizing and transferring them to the instrument inlet with the aid of heat and an 
air flow. The vapors are swept into a reaction region. One illustrative example of 
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the coupling of a TD unit to IMS equipment is the determination of TMA, a by-
product of spoilage, in meat products [23]. Samples of TMA solutions and meat 
juice were collected with a 10 L Hamilton syringe. TMA solution aliquots of 5 
L were spotted on the fiber-glass sample disks and inserted into the thermal 
desorber of the IMS. The lowest detected TMA concentration in meat juice was 0.6 
± 0.2 ng. This system was also used by West et al. [24] to develop a fast, simple, 
sensitive screening method for the detection and identification of smokeless 
gunpowder organic components (e.g., diphenylamine, and nitroso and nitro 
derivatives of diphenylamine). 
 
2.7. Solid-phase microextraction units 
Solid-phase microextraction (SPME) can be used as an intermediate step with a 
view to extracting analytes from solid and liquid samples into the gas phase to be 
introduced in an IMS for analysis. The solvent-free version of the SPME technique 
has proved particularly effective for isolating contaminants from liquid and solid 
matrices on the minute time scale, thereby affording preconcentration and clean-up 
in a single step. The combination of commercial SPME fibers and IMS has been 
used to determine various analytes (e.g.: ephedrine in urine; diazepam, cocaine, 
heroin, cocaine and parabens in pharmaceutical formulations; and, chemical 
warfare agents in soil and explosives in open areas). SPME is easily automated and 
ideally suited for use in the field. The SPME technique requires a thermal source in 
order to desorb the analyte from the fiber. A TD unit was developed by Rearden et 
al. [25] to desorb the analyte from the SPME fiber. The TD unit used for SPME–
IMS analysis was constructed in the laboratory from a quartz-glass tube 9 cm long 
× 8 mm o.d. ×5 mm i.d.. Flexible electric heating tape was coiled along the quartz 
tube. The TD unit was heated at 200 ºC by using a variable autotransformer power-
supply unit. The TD unit was used to introduce the precursor and degradation 
products into the IMS inlet. The heated sample was desorbed off the SPME fiber 
and pulled into the IMS by its sampling pumps (see Fig. 3A). 
SIS-IMS 
 - 81 -   
  One salient example of this type of SIS is the determination of ephedrine 
in urine [26] with SPME–IMS. A LOD of 50 ng/mL and a linear range of 3 orders 
of magnitude were obtained, showing that SPME–IMS is competitive with other 
techniques for ephedrine determination and drug analysis (e.g., SPME–gas 
chromatography (SPME–GC)). Aliquots of spiked urine samples were transferred 
to vials fitted with PTFE-lined silicone septa and subjected to SPME on fibers. 
Samples were placed in a water bath heated at 80 ºC and fibers directly exposed to 
them for 30 min. After sampling, each fiber was withdrawn into the needle and the 
SPME device transferred to the IMS for TD and analyte determination. In this 
example, ephedrine was extracted directly from urine samples by using SPME and 
the analyte on the fiber was heated by the IMS desorber unit and vaporized into the 
drift tube. 
 Recently, a resistive SPME–IMS heating system was designed for the 
identification of explosives [27]. An aluminum tube was machined to form an inlet 
to be heated by a resistor. The inlet was coated with a silico-steel layer in order to 
deactivate its surface. A helium gas carrier and the heat produced by the resistor 
were used to desorb the analytes off the SPME fibers. The total length of the 
SPME–IMS was 11 cm. The SPME-IMS interface was designed to operate 
similarly to the injection port of a GC. The injection port of a GC efficiently 
desorbs the compounds off the SPME phase by using TD as at the SPME–IMS 
interface. Neither the injection port of a GC nor the SPME–IMS interface can 
significantly damage the fiber, so both allow the fiber to be reused. The SPME–
IMS interface was also designed for use as an add-on accessory for current IMSs. 
 A new SPME–IMS prototype was recently developed by Pawliszyn´s 
group [28] (see Fig. 3B). The main component of their system is a transfer-line 
desorber, which is a low-thermal mass silico-steel-coated stainless steel tube. The 
transfer-line desorber was designed to rapidly desorb and transfer the analytes 
extracted by SPME to the IMS. A custom-made temperature controller was used to 
maintain its temperature stable and avoid overheating or oscillations. This system 
was used for the quantitation of diazepam and cocaine in aqueous solutions with 
LODs of 10 ng/mL and 50 ng/mL, respectively. 
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Figure 3. (A) An SPME–IMS device. TD: thermal desorption (reprinted from 
[25], © 2005, with permission of Elsevier). (B) An SPME–IMS system (reprinted 
from [28], © 2006, with permission of Elsevier). 
  
 In general, SPME–IMS combinations use commercial SPME fibers and the 
analytes are introduced into the IMS by TD, so non-volatile and thermally labile 
compounds cannot be analyzed in this way. The inception of SPME/surface-
enhanced laser desorption/ionization fibers [29] has extended the scope of the 
SPME–IMS technique to the analysis of non-volatile and/or large molecules. Also, 
the use of laser desorption has facilitated desorption of non-volatile and/or 
thermally labile molecules, such as peptides. 
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 No standard interface for coupling SPME to IMS currently exists; this 
precludes comparing analytical results obtained with different SPME–IMS 
approaches, so SPME–IMS coupling cannot be deemed a robust system. We 
expect further applications of the previous devices to be developed and the 
potential of SPME for the determination of volatile compounds to be more widely 
explored in the future. 
  
2.8. Stir-bar sorptive extractors 
In 1999 [30], the theory and the practice of a novel approach to sample enrichment 
called stir-bar sorptive extraction (SBSE) was reported. In SBSE, organic 
compounds present in aqueous samples are extracted by stirring with a 
polydimethylsiloxane (PDMS)-coated stir-bar for a preset time. The stir bar is 
subsequently removed from the aqueous sample and adsorbed compounds are 
thermally desorbed for analysis by IMS. This SIS is based on the same principles 
as SPME; however, its LOD is 1000 times lower. In addition, stir bars can be 
reused 500 times without apparent degradation. 
 In 2006, Lokhnauth and Snow [31] used the extraction and pre-
concentration capabilities of SBSE in combination with the speed, sensitivity and 
portability of IMS to detect explosives such as trinitrotoluene and 1,3,5-trinitro-
1,3,5-triazine with LODs of 0.1 ng/mL and 1.5 ng/mL, respectively, in aqueous 
samples. In this combination, SBSE retains its intrinsic advantages as a 
straightforward, sensitive, solventless, inexpensive method; also, its joint use with 
IMS results in excellent sensitivity for on-site analyses and has the potential for 
quantifying analytes that are elusive to GC or high-performance LC (HPLC). The 
SBSE-IMS combination affords very rapid desorption from the stir bar, which 
allows analytes to be completely transferred in under 1 min in most cases. 
 As can be seen in Fig. 4, an SBSE-IMS system consists of a PDMS-coated 
stir bar, an interface consisting of a PTFE filter and a PTFE ring and 
accommodating the SBSE device, and an IMS. Aliquots of 10 mL of the working 
solution are transferred to an Erlenmeyer flask into which a pre-conditioned stir bar 
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is introduced for stirring on a magnetic plate. After extraction is completed, the stir 
bar is carefully removed from the solution by using a stainless steel wire and 
transferred onto the PTFE filter in the center of the desorption chamber. Finally, air 
is drawn through the sampling region in order to transfer the analytes from the stir 
bar into the IMS drift. 
 
 
Figure 4. Stir-bar sorptive extraction–ion mobility spectrometer 
interface (reprinted from [31], © 2006, with permission of Elsevier). 
 
 Although stir-bar sorptive extractors have only been used twice to extract 
analytes, they possess a high potential for use in combination with headspace 
samplers or purge vessels in order to boost the selectivity of IMS measurements. 
 
2.9. Chromatographic columns 
A substantial fraction of IMS research activities has focused on the determination 
of low concentrations of compounds in real samples. Chromatographic columns 
coupled to IMSs have been used to ensure optimum sensitivity and selectivity. In 
fact, IMS has been used in combination with standard – mainly GC – columns in 
Air inlet
Stir bar
Inlet
Desorber heater
PTFE f ilter
STIR-BAR SORPTIVE EXTRACTOR
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more than 700 applications [32, 33]. The combination of GC with IMS – or even 
MS – proved inadequately sensitive with direct injection of breath samples into the 
spectrometer because of the very low concentrations of most breath constituents 
(usually in the low ppbv or pptv range) [34]. The use of multi-capillary columns 
(MCCs) was considered on account of their potential advantages over single 
narrow-bore columns. A MCC consists of a bundle of over 1000 individual 
capillaries formed in a single small tube [35]. Their high capacity results in gas 
flow conditions comparable to those of IMS gas flows; also, their retention times at 
ambient temperature, in the minute range, make them quite competitive in 
combination with IMS [36]. 
 One salient example of the coupling of MCC and IMS was provided by 
Sielemann et al. [37], who used an IMS equipped with a UV lamp and MCCs for 
the detection of traces of benzene, toluene and m-xylene with LODs down to a few 
ng. Fig. 5 depicts the measurement system used. The sample-preparation unit, 
which was connected to the sample loop and a custom-designed injection port, was 
interfaced to the IMS either via an MCC to preseparate the gaseous samples – 
which were injected via a six-port valve with a stainless steel gas-tight loop– or 
directly into the ionization region of the IMS.  
 In 2002, a combination of a custom-designed IMS with a UV ionization 
source and a high-speed capillary column (HSCC) was developed for analytical 
uses such as the fast separation of acetone, 2-butanone, diethyl ketone, benzene, 
toluene and m-xylene in human breath within 4 min at a carrier-gas flow rate of 4.5 
mL/min [32]. With HSCC of smaller inner diameter, carrier-gas flow rates are 
typically in the range 2–10 mL/min [38], and thus much lower than those used by 
an IMS (100–300 mL/min). Experimental tests have shown that the sensitivity of 
an IMS detector is dramatically decreased by a low carrier-gas flow rate since 
higher rates are typically used to clean ionization and drift regions [32]. 
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Figure 5. A multi-capillary column coupled to IMS equipment (reproduced from [37], 
© 2000, with permission of John Wiley & Sons, Inc.). 
 
 In 2005, an MCC pre-separation unit coupled to an IMS was used to 
identify and to quantify volatile metabolites present in human breath [34]. For 
sampling, individuals were asked to blow through a mouth-piece coupled via a 
brass adapter to a Teflon tube that was connected to a 10-mL stainless-steel sample 
loop in an electric six-port valve. By switching the valve, breath was transferred 
from the sample loop into the MCC by the carrier gas. The substances thus 
separated were directly analyzed in the IMS. The advantages of using an MCC 
prior to insertion into an IMS are reflected in the large number of applications 
reported to date. 
 
2.10. Supercritical fluid chromatographs 
Coupling a gas-phase detector, such as an IMS, to SFC equipment is in principle 
quite simple inasmuch as the mobile phase is a gas (usually CO2). The use of 
capillary SFC in combination with IMS was first proposed by Hill et al. [39]. 
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Samples were injected into a CO2 stream via an injection loop – CO2 was used both 
as the mobile phase for chromatography and the drift gas for the IMS – and then 
transferred to the IMS via a capillary restrictor that was directly inserted in the IMS 
inlet. The instrument required no physical alteration other than the manner in 
which injection was done. These authors studied a series of straight-chain methyl 
esters of molecular weight in the range 88–446.  
 Huang et al. [40] developed a new interface for coupling SFC to IMS 
involving the use of a heated nebulizer gas to supply heat to the restrictor and 
minimize the formation of ion clusters. The bent nozzle in the modified SFC–IMS 
interface was used to increase the ionization efficiency of solute molecules by 
forcing the effluent flow onto the wall of the radioactive 
63
Ni foil, which was 
expected to result in stronger interactions between the solute molecules and the 
beta particles or the reactant ions. Use of this SIS coupled to IMS lowered the 
minimum detectable amount of pyrine from 25 ng to 2 ng. 
 In 1999, Wu et al. [41] presented the construction and the performance of a 
restrictor heater for interfacing an ion-mobility detector to SFC equipment. The 
temperature of the SFC column restrictor was controlled via an independent 
heating system. The performance of this direct SFC–IMS interface was evaluated 
by separating and detecting test compounds containing no chromophores — and 
being undetectable by UV–visible spectroscopy as a result. Polydimethylsilicone 
oligomers with molecular weights exceeding 4000 amu were thus efficiently 
separated and detected by heating the restrictor at 325 ºC. Overall, the new 
interface resulted in improved detector sensitivity and chromatographic resolution. 
 Although IMS has several advantages as an SFC detector, the use of this 
combination has not been found in the research articles in recent years. The reason 
could be related to the difficulties in building the interface between SFC and IMS. 
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2.11. Ion sources: electrospray ionization and matrix assisted laser 
desorption/ionization devices 
Electrospray ionization (ESI) and matrix-assisted laser desorption/ionization 
(MALDI) sources can be coupled to IMS in order to facilitate probing the gas 
chemistries of biologically relevant compounds. These techniques have enabled the 
determination of non-volatile organics from liquid-phase samples. Also, ESI–IMS 
and MALDI–IMS combinations can provide additional information on molecular 
conformation [42–44]. 
 In 1989, Hill et al. [7] investigated electrospray interface designs with a 
view to facilitating the CE introduction of samples into an IMS. Their main 
purpose was to assess the quality of ion-mobility spectra obtained following 
electrophoretic injection. In 1994, the previous authors [45] assessed the use of 
ESI–IMS as a detection system for microbore LC and CE. LODs as low as 1× 10-15 
mol/L, and a linear response spanning a range of 3–4 orders of magnitude, were 
obtained. Positive and negative ion-mobility spectra for more than 30 compounds, 
including amines, trichloroacetic acid, tetrabutylammonium, domoic acid, 
prostaglandin A1, okadaic acid, insulin and hemoglobin, testified to the sensitivity 
of the ESI–IMS response to a wide range of analytes. Also, they developed an 
improved ESI source for IMS by altering the electrospray needle in three respects 
[46]. Thus, the needle was removed from the ion drift region, which reduced 
neutralization of charged drops and ions on the walls of the ion-mobility drift tube. 
Also, the needle tip was electrically insulated to extend the voltage range affording 
a stable electrospray. Finally, the needle was cooled to avoid problems associated 
with solvent volatilization. 
 In 1998, the previous authors [47] demonstrated the potential of IMS for 
rapid analytical separations with a resolving power similar to that of LC. The 
relatively long drift times and multiple charges of ESI generated ions tending to 
give relatively narrow peaks and higher resolving power values. The ESI–IMS–MS 
instrument used is shown in Fig. 6. In the ESI source, a water-cooled jacket 
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intended to avoid heating of the drift gas surrounds the spray-needle assembly and 
water-cooled nitrogen flows along the axis. 
 
 
Figure 6. An electrospray-ionization source for coupling to an IMS (reproduced 
from [47], © 1998, with permission of American Chemical Society). 
  
 Various recent papers on ESI–IMS testify to the potential of this coupling. 
In 2006, Khayamian and Jafari [48] developed a new ESI system where a length of 
a few cm of the cell comprising the electrospray needle was placed outside the 
oven used to heat the IMS cell. This modification avoided pre-spray solvent-
evaporation problems, such as needle clogging and disturbance of the electrospray 
process. Also, it allowed the operator to inspect the needle tip by lighting it with a 
small diode laser, and to optimize the experimental conditions for plume formation 
and the application of a stable electrospray. These authors recorded the ion-
mobility spectra for various compounds, including ethion, malathion, metalaxyl, 
fenamiphos, methylamine, triethylamine, tributylamine, codeine and morphine. 
 Also in 2006, Budimir et al. [49] used nano-ESI for the determination of 
pharmaceutical formulations including beta blockers (timolol), antidepressants 
(paroxetine), analgesics (paracetamol) and opiates (codeine) in nanomol amounts. 
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Baker et al. [50] used an ESI source coupled to IMS in combination with MS to 
characterize biological mixtures. Belov et al. [51] used an ESI source coupled to a 
new multiplexed IMS-time-of-flight mass spectrometry (IMS–TOF–MS) system to 
characterize a mixture of peptides of complex biological nature. They 
accomplished lossless ion transmission through the IMS–TOF interface and an 
utilization efficiency greater than 50% for ions from the ESI source. 
 A novel ion gate for ESI atmospheric pressure IMS was constructed and 
evaluated by Zhou et al. [52]. The gate consisted of a chopper wheel that was 
machined from aluminum and electronically insulated from the interface plate by 
means of a Teflon washer. It contained two oval windows, one acting as the sensor 
window and the other as the sample-inlet window. By using a high voltage power 
supply, a potential was applied to the rotating chopper wheel with a wire brush in 
order to help draw electrosprayed ions into the drift region. With this novel ion 
gate, baseline separations of selected benzodiazepines, antidepressants, and 
antibiotics have been observed with moderate experimental resolution (~70). 
 Dwivedi et al. [53] used a combination of ESI, ambient pressure IMS and 
TOF–MS (ESI–APIMS–TOF–MS) to separate anomeric methyl glycosides and 
various stereoisomeric methyl glycosides possessing the same anomeric 
configuration. The ESI solvent was introduced at a flow rate of 3 L/min into a 25 
cm long × 50 m i.d. silica capillary that was connected to a 10 cm long × 50 m 
i.d. silica capillary through a zero-dead-volume stainless-steel internal fitting. A 
positive high voltage 3 kV greater than that on the IMS target screen was applied to 
the internal fitting in order to generate the electrospray. 
 Based on available literature, ESI is the third most widely used SIS in 
combination with IMS. In fact, only membranes and chromatographic columns are 
more popular than ESI in this context. In 2007, ESI sources were the most widely 
used type of SIS for coupling to IMS. 
 MALDI sources have also been used in combination with IMSs. In a 
MALDI system, the sample is mixed with a photoactive substance (the matrix) and 
deposited onto a solid surface. The matrix is selected for photoabsorptivity and its 
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tendency to undergo desorption and ionization from the solid surface when 
exposed to a pulsed laser (typically at 337 nm or 355 nm). When the mixture is 
irradiated, a plume of material is desorbed from the surface, including neutral 
sample and ions from the matrix. Chemical ionization of the sample through proton 
transfer leads to the production of gaseous analyte ions [54]. The MALDI–IMS 
combination has proved effective in producing ions and detecting them at ambient 
pressure [55]. However, the potential of the results can be compromised by ion-
clustering events potentially occurring at ambient pressure. 
 In 2000, an IMS–TOF–MS using a high-pressure MALDI source was 
designed and tested by Gillig et al. [56]. A simple tripeptide mixture was separated 
in the drift tube and mass identified as singly protonated species. Four years later, 
an electrostatic focusing ion guide IMS–MS was reported by the same authors 
[57]. The instrument consisted of a MALDI ion source coupled to an ion-drift cell 
and a small linear TOF–MS instrument. The electrostatic focusing IMS drift cell 
acted as an ion guide to boost ion transmission while maintaining a high resolution. 
 In 2007, Jackson et al. [58] successfully mapped the distribution of 
phosphatidylcholine and cerebroside species from 16-m thick coronal rat brain 
sections by using MALDI–IMS-orthogonal TOF–MS (MALDI-IMS-oTOFMS), 
which provides an advantage by initially separating different classes of 
biomolecules, such as lipids, peptides, and nucleotides, by their IM drift times prior 
to mass analysis.  
 In summary, ESI and MALDI have some advantages (e.g., being stand-
alone sample-introduction or ion sources and especially suitable for detecting large 
nonvolatile analytes, such as polymers and biomolecules). However, in terms of 
productivity, both SISs fall short because of the high cost of the equipment relative 
to IMS. 
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3. Conclusions and future trends 
To date, a substantial variety of SISs have been coupled to IMSs. The potential of 
IMS analyses relies on an appropriate choice of the SIS; such a choice will be 
dictated by the type of analyte to be determined in addition to the sensitivity and 
the selectivity required. Also, judicious selection of an SIS can help minimize or 
even completely avoid some types of interferences (e.g., humidity or compounds 
that are volatile at the same temperature as the target analytes). Cost is another 
important factor in choosing a particular SIS. 
 Unfortunately, IMS has inadequate resolution for many purposes, as peaks 
often overlap and ions tend to interact in the ionization region. This frequently 
entails separating the analytes before they enter the IMS. Using a coupled 
chromatographic column is seemingly a promising choice with a view to 
improving resolution in IMS. Also, the use of an SPME device or a membrane-
inlet system with IMS appears to hold promise for on-site (or in-field) monitoring 
of certain volatile analytes. Permeation tubes, purge vessels and dilution glass 
flasks, headspace samplers and evaporation units discussed in this work are 
currently and will probably continue to be among the most widely used SISs for 
converting liquid or solid substances into volatile analytes prior to their IMS 
determination by virtue of their low cost and easy operation. 
 The main advantage of ESI and MALDI as SISs before IMS arise from the 
fact that both systems can analyze compounds of large molecular weights, and also 
thermally labile compounds, such as synthetic polymers, peptides and proteins, by 
IMS. The relative rarity of uses of SFC in combination with IMS testifies to the 
lack of interest in these sample-preparation techniques and has probably resulted 
from substantial problems derived from the high costs and increased difficulty of 
developing effective interfaces relative to custom-made alternatives.  
 We expect to see further advances in SISs coupled to IMS equipment. 
However, such equipment should never detract from the principal advantages of 
IMSs: ease of handling in the field and low cost. 
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USO DE LA ESPECTROMETRÍA DE MOVILIDAD IÓNICA CON 
FUENTE DE IONIZACIÓN ULTRAVIOLETA COMO SISTEMA DE 
SCREENING DE VANGUARDIA PARA LA DETECCIÓN Y 
DETERMINACIÓN DE ACETONA EN ORINA COMO 
BIOMARCADOR DE ENFERMEDADES DE VACAS Y HUMANOS 
 
Una vez revisados los distintos SIS usados antes del análisis de movilidad iónica, 
el objeto del primer trabajo experimental de esta Tesis Doctoral fue desarrollar un 
dispositivo capaz de introducir los compuestos gaseosos dentro del espectrómetro 
de movilidad iónica sin apenas manipulación por parte del operador. De esta 
forma, se diseñó un sistema de espacio de cabeza ―home-made‖ para introducir de 
forma on-line los analitos volátiles presentes en muestras sólidas y/o líquidas 
dentro del equipo de movilidad iónica. Este sistema se utilizó para medir la 
presencia de acetona en muestras de orina (humana y de vaca). Este parámetro está 
relacionado con enfermedades del mecanismo de los lípidos. A continuación se 
presenta el trabajo publicado en la revista Talanta en el año 2008. 
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Talanta, 2009, 78, 863-868 
USE OF ION MOBILITY SPECTROSCOPY WITH AN ULTRAVIOLET 
IONIZATION SOURCE AS A VANGUARD SCREENING SYSTEM FOR 
THE DETECTION AND DETERMINATION OF ACETONE IN URINE AS 
A BIOMARKER FOR COW AND HUMAN DISEASES 
R. Garrido-Delgado
a
, L. Arce
a
, C.C. Pérez-Marín
b
, M. Valcárcel
a 
a Department of Analytical Chemistry, University of Córdoba, Annex C3 Building, Campus of 
Rabanales, E-14071 Córdoba, Spain 
bDepartment of Animal Medicine and Surgery, Faculty of Veterinary Medicine, University of 
Córdoba, Campus de Rabanales, E-14071 Córdoba, Spain 
 
An ion mobility spectrometer equipped with an ultraviolet lamp was used for the 
qualitative and quantitative determination of acetone in urine samples. This analyte 
can be used as a biomarker for some fat metabolism-related diseases in humans and 
cows. Samples require no pretreatment other than warming at 80 ºC for 5 min, after 
which an N2 stream is used to drive volatile analytes to the ion mobility 
spectrometer. The precision of the ensuing method, expressed as relative standard 
deviation (% RSD), is better in all cases than 6.7 % for peak height and calculated 
at three levels of concentration. The analyte concentration range studied was from 
9 to 80 mg L
−1
, its limit of detection in the aqueous matrix 3 mg L
−1
 and recoveries 
from spiked urine samples 109 ± 3 %. The calculated reduced mobility for acetone 
in the urine samples, 1.75 ± 0.04 cm
2
 V
−1
 s
−1
, was similar to previously reported 
values. Also, the results were consistent with those provided by test strips used for 
reference. The proposed method provides a new vanguard screening system for 
determining acetone in urine samples. 
 
Keywords: Ion mobility spectrometry; Acetone; Urine samples; Screening. 
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1. Introduction 
Acetone is a highly volatile compound and a frequent object of research in 
biological and environmental samples [1]. This compound is harmful if swallowed 
or inhaled; also, it causes irritation to the skin, eyes and respiratory tract, and can 
affect the central nervous system. Exposure to acetone is usually assessed by 
measuring its concentration in urine, where its pressure is in equilibrium with 
pressure in the blood and alveoli [2]. Acetone can be produced in vivo via two 
different metabolic pathways, namely: decarboxylation of acetoacetate and 
dehydrogenation of isopropanol [3]. 
 In this work, human and cow urine samples were used to determine 
acetone as a potential biomarker for some diseases in both species. In humans, an 
increased level of acetone in body fluids is frequently ascribed to uncontrolled 
diabetes—mostly diabetes mellitus or type I diabetes. Acetone levels must be 
carefully controlled in pregnant women with pre-existent diabetes or gestational 
diabetes. Acetone can also be produced during starvation, following excessive, 
prolonged bouts of vomiting [4]. This metabolite is not so important in humans as 
it is in cows. The presence of acetone in cow urine is the result of a negative 
energy balance in the third week post-partum [5]. During this period, cows are 
unable to eat or absorb enough nutrients to meet their energy requirements for 
maintenance and milk production; this reduces their blood glucose levels and 
causes fat and protein reserves in the body to be used in the form of amino acids 
and triglycerides, which eventually leads to the formation of ketone bodies [6]. 
This can result in economic losses for the dairy industry through decreased milk 
production and reproductive efficiency, as well as increased involuntary culling 
and veterinary costs [7]. 
 In recent years, acetone has usually been determined chromatographically 
(especially by Gas [8–11] and Liquid Chromatography [12], but also 
Electrochromatography [13] and Micellar Electrokinetic Chromatography [14]). 
Non-chromatographic techniques including Photometry [15], Fluorimetry [1] and 
Fourier Transform Infrared Spectroscopy [16, 17] have also been used for this 
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purpose. Other non-chromatographic techniques such as Ion Mobility 
Spectrometry (IMS) with corona-discharge [18] and UV ionization sources [19] 
have been assessed for the determination of acetone in synthetic and human breath 
samples, respectively. 
 Most clinical analysis laboratories use test strips to detect acetone in urine. 
This method allows no quantitation of acetone and exhibits a high limit of 
detection for the analyte. Also, the reagent in the test strips, nitroprusside, can give 
false positives in the presence of drugs containing SH groups and false negatives if 
the strips are exposed to air or the urine samples are very acidic. 
 IMS provides a very fast, sensitive, inexpensive tool for the efficient 
analysis and characterization of gaseous organic analytes [20]. The time needed to 
acquire a simple spectrum is typically only 10–100 ms. Although this makes IM 
spectrometers suitable for process control, the presence of ion–molecule reactions 
and relatively poor resolution of the species formed generally preclude its use to 
identify unknown compounds [21]. The ionization source used in this work was an 
ultraviolet (UV) lamp. Baim et al. [22], and Eiceman et al. [23, 24], demonstrated 
that vacuum UV discharge lamps constitute inexpensive, non-radioactive 
ionization sources especially suitable for direct operation in nitrogen and air. Such 
lamps are commercially available with photoionization energies from 8.6 to 11.7 
eV [25]. 
 Broadly, analytical techniques can be classified as rearguard or vanguard 
techniques. Sample-screening systems are used in vanguard analytical strategies to 
classify samples into two groups (positive or negative) in a fast, reliable way [26]. 
The primary objectives of sample-screening systems are as follows [27]: 
 (a) To provide a rapid, reliable response about a specific characteristic of an 
 object or system for immediate decision making. 
 (b) To minimize or avoid preliminary operations in conventional analytical 
 processes. 
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 (c) To avoid the permanent use of high cost, high maintenance instruments in 
 routine analyses. 
  Therefore, IMS can be deemed a vanguard screening system inasmuch as it 
provides a rapid response to the presence or absence of some type of compound 
potentially present in a given sample. 
 In this work, we developed a rapid, simple method using IMS with a UV 
ionization source for routine measurements of acetone in biological fluids such as 
urine. The proposed method can be used for qualitative and quantitative analysis. 
For qualitative analysis, 86 urine samples from cows and humans were analysed 
and the results used for statistical classification. The result for each individual 
sample was obtained within 7 min. Therefore, UV–IMS equipment can be used as 
an effective screening system for classifying samples according to the presence or 
absence of acetone. Also, it has the potential for quantifying acetone in urine 
samples. 
 
 
2. Experimental 
2.1. Ion mobility spectrometer 
Measurements were made with a portable UV–IMS instrument from Gesellschaft 
für analytische Sensorsysteme (Dortmund, Germany). The UV–IMS system was 
350 mm × 350 mm × 150 mm in size, had a tube length 12 cm, weighed 5 kg, had 
a voltage of 230V and used a constant voltage supply of 333Vcm
−1
. The ionization 
source was a 10.6 eV UV lamp. The instrument was operated at ambient pressure 
and temperature.  
 GASpector software was used to record spectra, which were acquired in 
the positive ion mode. A total of 25 spectra were continuously recorded for about 2 
min per analysis, each spectrum being the average of 64 scans. The spectrum 
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length was 1024 points, the grid pulse width 500 s, the repetition rate 50 ms and 
the sampling frequency 30 000 Hz. 
 Ions in the gas phase were resolved in terms of mobility. The mobility K of 
an ion depends on its charge, shape and size, and can be expressed mathematically 
as follows: 
          
 
  
       (1) 
where d is the length of the drift region (cm), t the drift time (s) and E is the 
electric field strength (V/cm). By normalizing K to standard conditions (viz. 273 K 
and 101 kPa) the reduced mobility constant, K0 (cm
2
 V
−1
 s
−1
), was calculated from 
the following expression: 
     0    
   
 
  
 
   
                                            (2) 
where T (K) and P (kPa) are the temperature and pressure, respectively, of the drift 
region. 
 
2.2. Sample introduction system 
The sample introduction system (SIS, Fig. 1A) consisted of a headspace sampling 
unit including a vaporization container to facilitate equilibration, a heating device 
intended to keep the headspace container at a constant temperature and an injection 
device for transfer of the vapour phase from the headspace container into the IMS 
equipment [28]. The system is described in greater detail elsewhere [29]. The 
operational procedure was as follows: a volume of 100 L of sample was placed in 
a 10 mL glass vial which was then sealed with a polytetrafluorethylene (PTFE)-
faced septum and heated at 80 ºC in an Eco 1G Thermoreactor (Velp Scientifica) 
for 5 min (volatilization step). Meanwhile, a stream of highly pure nitrogen (6.0) 
from Abelló Linde (Barcelona, Spain) was passed through the UV–IMS system for 
cleaning and stabilization. The flow-rates of N2 (140 and 90 mL min
−1
 for the drift 
gas and sample gas, respectively) were controlled via an Alltech Digital Flow 
Check HRTM supplied by Chromatographic Service GMBH. After 5 min of 
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heating, two stainless-steel switching valves (Selectomite®-7177G2Y, HOKE 
Incorporated, Spartanburg, SC) were actuated, the headspace vapours thus formed 
in the vial being swept out by the N2 stream and transferred to the UV–IMS 
equipment for measurement (injection step). Connectors were made from 1/8 in. 
PTFE tubes obtained from Varian (Harbor City, CA). 
 
 
Figure 1A. Scheme of the instrumental device used. 
 
 
 2.3. Samples and reagents 
Analytical tests were conducted on human and cow urine samples. The human 
urine samples were obtained from 36 males and females of variable age with an 
empty stomach, whereas the cow urine samples were obtained from 50 cows also 
of variable age on a farm in Jaen (Spain). The cows were either pregnant, in their 
post-partum period or non-pregnant. All samples were collected in sterile plastic 
flasks and some stored at −18 ºC in the freezer compartment of a refrigerator until 
analysis. 
 Acetone was supplied in HPLC grade by Sigma (St. Louis, MO) and used 
to prepare a 1000 mg L
−1
 standard solution by diluting 0.126 mL of product to 100 
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mL with water in a volumetric flask. This standard solution was stored at ambient 
temperature and used to make others solutions on daily basis. The distilled water 
used to prepare the solutions was purified by passage through a Milli-Q system 
from Millipore (Bedford, MA). 
 
 
3. Results and discussion 
The positive-ion mobility spectrum for acetone as obtained with UV ionization was 
used for its qualitative and quantitative determination in human and cow urine 
samples. Mobility measurements took less than 7 min and required no sample 
pretreatment other than warming. 
 
3.1. Optimization of the sample introduction system 
The proposed system relies on the formation of a headspace which is created by 
encapsulating each liquid sample in a carefully thermostated glass vial. The 
resulting gas phase is then introduced into the spectrometer by actuating two 
switching valves (see Fig. 1A).  
 One other similar SIS (Fig. 1B) was also evaluated for use in order to avoid 
slight condensation of the samples in the tube (asterisk in Fig. 1A) connecting the 
samples to the measuring equipment, the whole system being heated in an oven. 
The spectral signal thus obtained was very poor and no peak was observed during a 
drift time of ∼19 ms. This may have been a result of the abrupt temperature 
difference between the SIS (80 ºC) and IMS equipment (ambient temperature). 
Also, this alternative configuration might facilitate condensation inside the IMS 
equipment and cause it to malfunction, which led us to discard it for further testing. 
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Figure 1B. Scheme of the instrumental device used. 
 
 Rather, we used the system of Fig. 1A since slight sample condensation in 
the tube leading the volatile compounds to the measuring instrument was expected 
to have little effect on the quality of the results. This system is simple, requires 
little sample handling and removes non-volatile interferents. The critical point is 
equilibration of the aqueous phase and vapour phase; also, several factors must be 
optimized in order to maximize analyte recovery and sensitivity in the proposed 
SIS–IMS method. 
 The experimental variables optimized were the sample temperature, sample 
volume, vial volume, heating time, and sample gas and drift gas flow rates. Table 1 
shows the studied range and selected value for each parameter. The optimal values 
chosen were taken to be those resulting in the maximum possible repeatability and 
peak height for acetone in a urine sample spiked to 50 mg L
−1
 with the analyte. All 
tests were performed in triplicate. 
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Table 1. Optimized parameter values for the sample introduction system. 
  Studied range Optimum value 
Temperature, ºC 70-100 80 
Sample volume L 50-200 100 
Vial volume, mL 1.5 and 10 10 
Heating time, min 1-15 5 
Tube lenght (*), cm 13 and 24 13 
Sample flow-rate, mL min
–1
 80-120 90 
Drift flow-rate, mL min
–1
 90-160 140 
            (*) See Figure 1A 
 
 The first parameter to be optimized was the sample temperature. Tests 
were conducted at temperatures above the boiling point for acetone (56.3 ºC) and 
spanning the range 60–100 ºC. The optimum temperature was found to be 80 ºC; in 
fact, although the acetone signal was stronger at 90 ºC and 100 ºC, there was the 
risk of other compounds present in urine evaporating simultaneously and 
interfering with the analyte measurements. Also, such high temperatures could 
cause water in urine to evaporate and the water stream to reach the IMS equipment 
as a result. 
 The optimum sample volume was taken to be 100 L, which resulted in the 
highest spectral repeatability. The influence of the vial volume was also studied. 
Initially, reducing such a volume was expected to increase the analytical signal 
through an increased concentration of the analyte. The two vial volumes examined 
(1.5 and 10 mL), however, resulted in no significant differences between spectra. 
This led us to use 10 mL in subsequent tests. The effect of the sample heating time 
was examined over the range 1–15 min and 5 min found to result in the strongest 
possible acetone signal and most repeatable spectrum. 
 One other potentially influential variable was tube length. The most critical 
tube in the manifold (asterisk in Fig. 1A) was that leading the analytes to the IMS 
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instrument. Two different tube sizes were studied (13 and 24 cm) and no 
significant spectral differences observed. Therefore, we chose to use the shorter 
tube in order to expedite transfer of the analytes to the ionization region. 
 One of the most crucial variables affecting the acetone signal was the N2 
flow rate. The sample gas flow rate was initially optimized at a constant drift gas 
flow rate of 140 mL min
−1
; the maximum peak height and most repeatable signal 
was obtained at 90 mL min
−1
, above which peak height decreased—possibly 
through dilution of the sample in the ionization region. Likewise, the drift gas flow 
rate was optimized at a constant sample gas flow rate of 90 mL min
−1
. Peak height 
increased with increasing drift gas flow rate, but the analytical signal was poorly 
repeatable above 160 mL min
−1
. We thus chose to use a drift gas flow rate of 140 
mL min
−1
 and hence a drift gas to sample gas flow rate ratio of ca. 3/2. 
 
3.2. Calculation of the reduced ion mobility constant for acetone 
The reduced ion mobility of the analyte was calculated from Eqs. (1) and (2). K0 
was calculated at a drift time coinciding with the average drift time for all urine 
samples (86), which was 19.0 ± 0.4, and ambient temperature (298 K) and pressure 
(101.65 kPa). This provided a K0 value for acetone of 1.75 ± 0.04 cm
2
 V
−1
 s
−1
, 
which is quite consistent with that previously reported by Xie et al. [19]: 1.74 ± 
0.03 cm
2
 V
−1
 s
−1
. 
 
3.3. Analytical features of the proposed method 
The analytical figures of merit used to characterize the proposed SIS–IMS method 
included precision, calibration curve, sensitivity (expressed as limit of detection), 
limit of quantification and recovery. 
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 3.3.1. Precision 
The precision of the overall procedure was assessed by analyzing three different 
urine samples spiked at three different levels of concentration of acetone (5, 50 and 
80 mg L
−1
) on the same or three different days under identical testing conditions. 
The within-day precision was obtained in nine replicates on the same day and the 
between-day precision was obtained in three replicates within three consecutive 
days. The within-day and between-day precision values obtained from the acetone 
peak height are shown in Table 2, both as relative standard deviation (RSD). As 
can be seen from this table, in all cases the precision of the method was less than 
6.7 %. 
 Drift times of acetone peak was also assessed with the same spiked urine 
samples and within-day and between-day precision was also measured. The values 
obtained were less than 1 % in all cases. These values are also summarized in 
Table 2. 
 The precision of the method was also calculated with different urine 
samples spiked with different concentrations of salt (0.5, 1 and 2 g added to 10 mL 
of urine). The results obtained at these three levels of concentration were not 
different to those obtained without adding NaCl. 
 
 
Table 2. Precision values obtained for peak height and drift time at three levels of 
concentration. 
Urine Acetone 
(mg L
-1
) 
Within-day Between-day 
Peak 
height 
Drift time 
(ms) 
Peak 
height 
Drift time 
(ms) 
Male urine 5 2.0 0.9 2.5 1 
Female urine 50 3.4 0.3 5.4 0.4 
Cow urine 80 5.8 0.7 6.7 0.7 
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 3.3.2. Linearity and limit of detection 
A calibration curve was constructed from standard solutions containing 9–80 mg 
L
−1
 acetone in water and the urine matrices. The figures of merit of the proposed 
screening method are shown in Table 3. Each concentration used to obtain the 
curve was measured in triplicate and all figures were obtained from the acetone 
peak height. 
 The limit of detection (LOD) was taken to be the smallest detectable 
amount of acetone and calculated as three times the standard deviation of the 
intercept divided by the slope. This provided a value of 3 mg L
−1
 for the aqueous 
matrix, and, as can be seen from Table 3, was slightly higher for the urine 
samples—possibly as a result of matrix effects. The limit of quantification (LOQ) 
was also calculated and it is also indicated in Table 3. 
 
Table 3. Analytical parameters for standard solutions of acetone in water and 
urine matrix. 
 
 
 
 
 
 
  
 3.3.3. Recovery 
The analyte recoveries obtained in triplicate analyses of a urine sample spiked with 
a low concentration of acetone (25 mg L
−1
) was 109 ± 3 %. The same urine sample 
was previously analysed by IMS and found to give no signal for acetone—which 
does not exclude its containing the analyte at an undetectable concentration. 
 Aqueous matrix Urine matrix 
Intercept -0.002±0.005 0.012±0.003 
Slope 0.0057±0.0002 0.0017±0.0001 
Regression coeficient (r
2
) 0.998 0.992 
LOD (mg L
-1
) 2.63 5.30 
LOQ (mg L
-1
) 8.77 17.65 
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3.4. Qualitative analysis of urine samples  
The proposed method provides a new vanguard screening system for detecting 
potential diseases in humans and cows. The screening system was designed to 
provide a rapid response to the presence or absence of acetone in urine. Based on 
the results, the method affords the analysis of 50 samples of urine in a working day 
(8 h); also, the samples require no pretreatment other than warming. 
 The method was validated by using it to screen 36 human urine samples 
and 50 cow urine samples. Mobility measurements, which were obtained in less 
than 2 min, allowed a three-dimensional graph to be constructed for both types of 
samples (see Fig. 2). As can be seen, the 3D profiles varied little between the 25 
spectra, but peak intensity changed during the acquisition time. Thus, the signal 
was stronger at the beginning, immediately after the valves were switched, and 
then decreased exponentially with increasing number of spectra. We therefore 
recorded 25 spectra only. Also, as can be seen from Fig. 2, the profiles for both 
types of samples were essentially identical; by exception, that for cow urine was 
broader than the profile for human urine. 
 
 
 
Figure 2. Ion mobility spectra for a human urine sample (A) and a cow urine sample (B). 
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 For qualitative analysis, all urine samples (cow and human) were classified 
by using control charts. Figs. 3A and 4A show such charts for all human and cow 
samples studied, respectively. Based on the results for the 86 urine samples 
analysed, the cut-off value was set at a signal voltage of 0.55 V, corresponding to 
an acetone concentration lower than 17 mg L
−1
. If acetone levels are above the cut 
off it would mean that the individuals are out of the normal level of a healthy 
population. Most of the samples studied exhibited signal voltages below 0.55 V. A 
principal component analysis (PCA) of all human (Fig. 3B) and cow urine samples 
(Fig. 4B) analysed in duplicate was performed in order to confirm the control 
charts. This chemometric study was based on the average of the 25 spectra used for 
each analysis and the 2000 data per sample used as input for the statistical software 
(SPSS 12.0 Inc., Chicago, IL). As can be seen, all samples containing acetone at 
high concentrations fell above the line (m6, m30, m20, m9, m24, v2822(1), 
v2822(2), v2823). Also, the PCA discriminated samples at the cut-off boundary 
(m18, v2949, vE1690, v4530). These results are consistent with those provided by 
the test strips used to confirm the presence of acetone. The cow urine samples with 
the highest concentrations of acetone came from animals in their post-partum 
period (1–2 weeks after birth), whereas the equivalent human urine sample (m6) 
was obtained from a person after excessive, prolonged vomiting. Other human 
urine samples with acetone concentrations above the cut-off value were from 
individuals on a diet. 
 
Figure 3. Control charts (A) and PCA (B) for human urine samples. 
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Figure 4. Control charts (A) and PCA (B) for cow urine samples. 
 
 
3.5. Quantitative analysis of urine samples 
The quantitative response of the IM spectrometer was established from the 
maximum peak height in the full scan at the drift time (19 ms). Fig. 5 shows the 
spectrum for a urine sample spiked at two different acetone concentration levels 
(50 and 80 mgL
−1
). As can be seen, the sample gave three peaks of which the 
strongest (viz. that at 19 ms) was used to quantify the analyte. Acetone in the urine 
samples was quantified with the standard addition method. Table 4 shows the 
results for two human and two cow urine samples analyzed by using the propose 
IMS method and also by the reference method. Other ketone bodies present in 
urine such as acetoacetate and hydroxybutyrate pose no interference with the 
proposed method as their ionization energy exceeds that supplied by the source. 
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Figure 5. IMS spectra for an unspiked urine sample and the same sample 
following spiking with 50 and 80 mg L
−1
 acetone. 
 
 
Table 4. Amounts of acetone found in different urine samples. 
(1)Test strips 
(2)Sample diluted (50%) 
Urine sample      Concentration  (mg L
-1
) Reference method
(1)
 
 
Cow 1 
 73.1 
82.9 
 
77 ± 5                                 + 
  75.7  
 
   Cow 2
(2)
 
 
 98.9 
108.2 
104.9 
 
104 ± 5                               + 
 
  Human 1 
 
 23.2 
30.3 
26.8 
 
 27 ± 3                                + 
 
  Human 2 
 
  32.1 
  28.2 
  26.1 
 
 28 ± 3                                 + 
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4. Conclusions and outlook 
The potential of using IMS with a 10.6 eV UV-lamp as an analytical screening 
system for the determination of acetone in urine samples was demonstrated. 
Acetone can be used as a biomarker for fat metabolism-related diseases. The 
proposed SIS–UV–IMS method is simple, easy to use, inexpensive and expeditious 
(the results can be obtained within a few minutes). Also, it requires no sample 
pretreatment other than warming. These advantages and the goodness of the results 
testify to its robustness. Therefore, the proposed method can be used by clinical 
analysis laboratories for the routine monitoring of acetone in urine. In fact, it 
allows one to rapidly determine whether acetone is present above a preset 
concentration level in urine samples. 
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DETERMINACIÓN DIRECTA DE ANALITOS VOLÁTILES 
PRESENTES EN MUESTRAS SÓLIDAS MEDIANTE 
ESPECTROMETRÍA DE MOVILIDAD IÓNICA 
 
El segundo SIS desarrollado consiste en un sistema de membrana para introducir 
de forma on-line compuestos volátiles presentes en muestras sólidas y/o líquidas y 
de esta forma evitar la entrada de humedad dentro del equipo de movilidad iónica. 
Este dispositivo se usó como sistema de screening para realizar el análisis de 
aminas volátiles presentes en muestras de pescado. La presencia de aminas 
volátiles está relacionada con el proceso de degradación de muestras, por ejemplo, 
carne y pescado. El objetivo de este trabajo fue el acoplamiento de una membrana 
al equipo de movilidad iónica usando una microcámara que hiciese de soporte a la 
membrana y de esta forma hermetizar todo el SIS. 
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DIRECT DETERMINATION OF VOLATILE ANALYTES FROM 
SOLID SAMPLES BY UV-ION MOBILITY SPECTROMETRY 
 
M. Menéndez, R. Garrido-Delgado, L. Arce, M. Valcárcel 
Department of Analytical Chemistry, Faculty of Sciences, University of Córdoba, Annex C3 
Building, Campus of Rabanales, E-14071 Córdoba, Spain.  
 
A simple, reliable, inexpensive sample introduction system (SIS) coupled to an ion 
mobility spectrometry (IMS) equipment was used for the determination of volatile 
analytes present in solid samples. Following minimal pretreatment, the solid 
sample (e.g. fish) is directly placed in a membrane unit and released analytes 
(trimethylamine, dimethylamine and ammonia) pass through the membrane into a 
nitrogen acceptor stream; finally, passing the gaseous stream trough the UV-IMS 
system allows the analytes to be readily determined. Volatiles are released by 
heating the sample at 75 ºC for 5 min following addition of a few drops of NaOH 
solution. This method is quite expeditious and uses small amounts of sample. The 
calibration graph is linear over the concentration range 5–225 g mL−1. The 
proposed SIS–IMS method is quite repeatable (RSD < 4 %) and reproducible (RSD 
< 9 %). Also, it provides acceptable analyte recoveries (111 ± 17 %) from spiked 
fish samples. The results of this study testify to the potential of IMS for qualitative 
and quantitative analytical determinations. 
 
Keywords: UV-ion mobility spectrometry; Membrane system; Amines; Fish. 
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1. Introduction 
Ion mobility spectrometry (IMS) is based on the drift velocities reached by ionized 
sample molecules in the weak electric field of a drift tube at atmospheric pressure. 
Therefore, determining ion mobilities requires the formation of ions from neutral 
sample molecules and their separation within the drift tube [1]. The most 
commonly used ion mobility spectrometers are equipped with beta ionization 
sources. Unfortunately, such sources contain radioactive nickel (
63
Ni ionization), 
but alternative non-radioactive ionization IMS sources exists based on 
photoionization and corona discharge mechanisms [2, 3]. A wide range of 
commercially available UV lamps with photoionization energies from 8.6 to 11.7 
eV currently exists. The selectivity of the ionization process can be improved to 
some extent by using UV-lamps with different photoionization energies. After 
ionization, the ensuing ions will move in a weak electric field towards a Faraday 
plate used as detector. 
  IMS is instrumentally simple and features a low power demand, real time 
monitoring capabilities, an extremely fast response, low operational costs and 
relatively easy operation. The IMS technique has to date been used for a wide 
variety of purposes [4–6]. All reported applications, however, require either 
substantial sample preparation or a complex experimental setup. This has raised the 
need for expeditious analytical procedures for the on-line extraction and 
determination of analytes in real samples prior to their IMS determination [7]. IMS 
data obtained without separating the analytes from the sample is often difficult to 
interpret, particularly in the presence of interferences from complex matrices. This 
makes rapid methods affording selective analyte preconcentration to some extent 
highly desirable in this context. In this work, we used a membrane system to 
develop an effective sample preparation system for IMS. Some authors [8–10] had 
previously used membrane-IMS systems to monitor analytes which cannot be 
determined directly by IMS in liquid samples. The advantages of membrane 
systems over conventional analytical methods led us to choose them for sample 
preparation prior to IMS of volatile analytes from solid samples.  
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 Membranes have become specially popular for sample preparation prior to 
a variety of instrumental analyses. A membrane can act as a selective filter by 
restricting diffusion between two solutions, an active barrier the chemical structure 
of which will dictate the selectivity of sample transfer [11], or a device affording 
enrichment of various types of analytes prior to analysis [12]. Membranes can be 
mounted between two flat blocks, usually made of polytetrafluoroethylene (PTFE), 
where appropriate grooves are carved for use as flow channels on both sides. The 
whole assembly is connected to a nitrogen stream in order to facilitate passage of 
the sample through the channel to the analytical equipment. 
 The primary purpose of this work was to assess the potential of coupling a 
membrane system to an ion mobility spectrometer for the determination of volatile 
compounds present in solid samples by UV-IMS. The ensuing methodology was 
validated by determining freshness in various fish samples. Freshness is the most 
valued property in fish consumers by virtue of its strong relationship to fish taste. 
The composition of fish headspace is a reliable source of information about 
freshness. Previous research exposed a relationship between ―fresh fish‖ odour and 
microbial spoilage compounds [13]. The main chemicals involved in fresh fish 
odour are long chain alcohols in addition to carbonyl, bromophenol and N-cyclic 
compounds. On the other hand, microbial spoilage produces short chain alcohols 
and carbonyl, amine, sulphur, aromatic, N-cyclic and acid compounds. The 
concentrations of these chemicals are directly proportional to the degree of 
spoilage of the sample. Amines are typically used as markers for fish freshness 
detection. Standard analytical methods for volatile amines and sensors for specific 
amines have been widely used to assess fish freshness [14]. The standard EU 
method for determination of ―total volatile basic nitrogen‖ (TVB-N) levels in fish 
tissue samples consist of extraction of volatile bases by a perchloric acid solution 
followed by steam distillation of the extract which is then collected in boric acid 
and titrated against standard HCl [15]. The electronic nose is an inexpensive 
technique which is also commonly used for this type of analysis [16, 17]. Some 
authors have used IMS to determine amines in meat products [18, 19] and in 
various other matrices [10, 20, 21]. Raatikainen et al. [22] determined the fish 
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freshness index by using multivariate models based on IMS measurements made 
with an Am-241 ionization source. The ultimate purpose of this work was to 
determine volatile amines such as trimethylamine, dimethylamine and ammonia, 
which are typically present in fish samples. These compounds in combination are 
designated TVB-N [23]. 
 
 
2. Experimental 
2.1. Instrumentation 
UV-IMS measurements were made with a portable instrument supplied by 
Gesellschaft für Analytische Sensorsysteme (GAS, Dortmund, Germany). Data 
was acquired and stored with the software GASpector. The principal specifications 
of the UV-IMS equipment were as follows: dimensions 350 mm × 350 mm × 150 
mm, tube length 12 cm, weight 5 kg, current supply 230 V and constant voltage 
supply 333 V cm
−1
. The ionization region contained a UV-lamp intended to 
promote atmospheric-pressure chemical ionization. Reactions between the sample 
gas and other species present. Using a UV-lamp as ionization source allows 
analytes to be directly ionized depending on their particular ionization energies 
(IE). Substances with IE values below 10.6 eV can be detected by UV-IMS. The 
sample and drift gas used in the UV-IMS system were both highly purified 
nitrogen (6.0) supplied by Abelló Linde (Barcelona, Spain) and their flow rates 
controlled with an Alltech Digital Flow Check HR
TM
 instrument supplied by 
Chromatographie Service GmbH. All spectra were recorded in the positive ion 
mode, using the conditions summarized in Table 1. 
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Table 1. UV-IMS operating conditions. 
 
  
 2.1.1. Sample introduction system 
The main components of the SIS used for pretreatment (extraction and injection) of 
the analytes included a microchamber unit and two switching valves (Fig. 1). The 
switching valves were Selectomite® 3-way ball-type stainless steel valves 
(7177G2Y) supplied by Hoke, Inc. (Spartanburg, SC) and linked to the system 
tubing by 1/8 in. connectors. The water bath (3 L volume, 700W power) was 
supplied by P/Selecta. During extraction, a nitrogen stream was directly passed 
through the UV-IMS equipment; simultaneously, a headspace was formed in the 
microchamber vial. In the injection step, the switching valves were actuated to 
have the nitrogen stream drag the volatile analytes formed to the IMS instrument. 
A similar configuration was used in previous work by our group [24]. 
 The microchamber unit, consisting of a 40 mm × 50 mm Teflon plate, was 
supplied by Universal Sensors. It contained a minivial of 0.5 mL of volume and a 
Parameter Range Setting 
Pressure of drift tube  Atmospheric 
Temperature of drift tube  Ambient 
Number of spectra 25–100 50 
Averages 64 64 
Time delay (ms) 0.300–0.400 0.400 
Spectral length 512, 1024 1024 
Grid pulse width (s) 500–12000 500 
Repetition rate (ms) 41–100 41 
Sampling frequency (Hz) 20000, 30000 30000 
Drift gas flow rate (mL min
–1
) 50–200 150 
Sample gas flow rate (mL min
–1
) 50–200 100 
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membrane clamped between two O-rings recessed into the housing, and was tightly 
closed. The membrane (Fluoropore®) was Teflon of pore size 1 m and supplied 
by Millipore (Bedford, MA) (see Fig. 1). The membrane system prevented liquid 
drops from reaching the equipment. The microchamber Teflon unit had a free 
volume of 70 L above the membrane. 
 
 
Figure 1. Optimized SIS–UV-IMS manifold. 
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2.2. Reagents and stock solutions 
Standard stock solutions containing a 1000 g mL−1 concentration of 
trimethylamine or dimethylamine were prepared by dissolving trimethylamine 
chloride and dimethylamine chloride, respectively, with 0.01M HCl up to 100 mL 
in a volumetric flask. A standard stock solution containing 1000 g mL−1 NH3 was 
obtained by dissolving it up to 100 mL in a volumetric flask. The three reagents 
were purchased from Sigma (St. Louis, MO). Distilled water was purified by 
passage through a Milli-Q system from Millipore (Bedford, MA). 
 Finally, a stock mixed solution containing trimethylamine, dimethylamine 
and ammonia (each one at a 250 g mL−1) was prepared from the individual 
standard stock solutions at 1000 g mL−1. This solution is stored at ambient 
temperature. Working-standard solutions were made by appropriate dilution of the 
mixed stock standard solution in distilled water. A 5.2 M solution of NaOH 
(Panreac, Barcelona, Spain) was also used. 
 
2.3. Sample preparation and storage 
Four different types of fish (anchovy, whiting, cod and sardine) were purchased at 
supermarket. Samples were transferred to the laboratory in thermal bags, ground 
(without skin) and split among several polystyrene vials. Some vials were stored in 
a refrigerator at 4 ºC for subsequent degradation analysis; to this end, a portion of 
refrigerated fish sample was removed from the original vial for IMS analysis on a 
daily basis. Other vials were stored in the freezer compartment of the refrigerator 
(−18 ºC). 
 
2.4. Formation of volatile compounds 
Many volatile compounds carry significant information about the characteristics of 
their source. Therefore, analyses of volatiles in the headspace of a sample can 
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provide an indirect, but experimentally much more convenient and expeditious 
method for controlling a process or the quality of foodstuff.  
 We determined volatile amines present in the fish samples by using a 
nitrogen stream to transfer headspace vapours from the SIS to the IMS instrument 
(see Fig. 1). Heating the samples at 75 ºC helped release the vapours. Although 
TVB-N formed in fish samples can emanate spontaneously, the process can be 
substantially expedited by adding a few drops of an alkaline solution. The 
photoionization energies required to detect the amines are 7.85 eV for 
trimethylamine, 8.75 eV for dimethylamine and 10.07 eV for ammonia. Therefore, 
the three substances can be detected in nitrogen by using a UV-IMS system 
equipped with a 10.6 eV UV-lamp. 
 For qualitative and quantitative measurements, a piece (0.05 g) of fish 
sample was placed in a clean minivial, supplied with 20 L of 5.2 M NaOH and 
shaken for 5 s [25]. The headspace was allowed to form for 5 min – a highly 
purified nitrogen stream was passed through the IMS in order to flush it in the 
meantime – the vapours formed in the microchamber being dragged by a stream of 
highly purified nitrogen and directly introduced into the IMS by actuating the 
switching valves. 
 
 
3. Results and discussion 
Some solid sample membrane devices [8, 26] are used mainly for semi-quantitative 
purposes; many, however, are subject to serious short comings such as easy 
leakage of analytes from the desorber and potential damage of the membrane. This 
made designing, building and characterizing a new, effective SIS for IMS highly 
desirable [7]. In this work, we developed the prototype of a new SIS–UV-IMS 
system for effectively combining the extraction efficiency of SIS and the detection 
capabilities of IMS. The operational potential of the new system was assessed with 
the determination of TVB-N in fish samples. The mobility of amines present in the 
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samples can be measured within 7 min simply by adding a few drops of an alkaline 
solution and heating. The TVB-N mixture is a measure of spoilage and its 
determination can be used as a rapid screening tool for fish quality testing. 
 
3.1. Optimization of UV-IMS variables 
Some experimental variables were found to directly influence the shape of the 
TVB-N peaks and in their signal values (voltages). The most influential among 
such parameters were the drift and sample gas flow rate, grid pulse width, 
membrane type and water bath temperature. We examined them on an individual 
basis in order to identify their optimum values for the determination of TVB-N in 
fish samples. The study was performed by using the univariate method and peak 
height (in voltage units) as the target parameter, and involved a standard mixture 
containing 45 g mL−1 TVB-N by dilution from the stock mixed solution (250 g 
mL
−1
) containing trimethylamine, dimethylamine and ammonia. 
 
 3.1.1. Ultraviolet-ion mobility spectrometer 
The ultraviolet source initially required about 60 min to stabilize, after which the 
background signal was 0.455 V. A highly purified nitrogen stream was passed 
through the UV-IMS system until the background signal was obtained. No peaks 
were obtained if highly purified nitrogen was used as drift and sample gas (i.e. in 
the absence of sample and test substance). 
 The effects of the drift and sample flow rates on the signal were examined 
over the range 50–200 mL min−1. The highest signals were obtained with a drift 
gas flow rate of 150 mL min
−1
 and a sample gas flow rate of 100 mL min
−1
, which 
were therefore adopted for further testing. 
 The grid pulse width is the length of time during which the shutter is held 
open. If the shutter is closed, then all analyte molecules, neutrals and ions, are 
washed out on the gas outlet. With shutter opening times from 500 to 12000 s, a 
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swarm of ions enters the drift region. During several collisions with the 
surrounding gas molecules, a steady-drift velocity will be reached in a short time. 
Increasing the length of the grid pulse is known to increase the number of ions that 
reach the Faraday plate. However, too long times result in a loss of resolution. We 
found the best peak shape and separation between peaks to be obtained with a grid 
pulse width of 500 s. The optimum values of the variables are given in Table 1.
  
 3.1.2. Sample introduction system 
The use of two switching valves allows the SIS-IMS system to operate in an 
automatic fashion; thus, while the headspace forms, the equipment is made ready 
for the next measurement simply by passing a nitrogen stream through the drift 
tube. The vapour components present in the headspace are inserted in the 
equipment by actuating the second switching valve first (see Fig. 1) in order to 
avoid overpressure in the microchamber. Using the switching valves in this way 
prevents exposure of the interface between the instrument and SIS to the 
surrounding air. 
 Also, the use of a membrane on top of the vial prevents small drops from 
reaching the IMS equipment. The influence of the type of membrane used on the 
amine signal was examined by using filter paper (cellulose), PTFE and 
polyvinylidene difluoride (PVDF). We chose to use a PTFE membrane in the 
microchamber. PTFE is an inert synthetic fluoropolymer which reacts with no 
other chemicals except in very special situations. This is mainly a result of the 
protective effect of fluorine atoms on the carbon chain. This lack of responsiveness 
makes it a virtually non-toxic material; in fact, PTFE is the material with the 
lowest known coefficient of friction. In addition, it is highly impermeable, so it can 
retain its properties in wet environments. It is also extremely flexible, not altered 
by the action of light and capable of withstanding temperatures from -270 to 300 
ºC. As expected, the PTFE membrane proved stronger than those of the other 
materials tested. 
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 The proposed SIS was compared with a classical volumetric flask (see Fig. 
2) to insert the volatile components into the IMS equipment. Both devices were 
supplied with the same amounts of fish sample. There were two main differences 
between them. Thus, the headspace volume of the volumetric flask was 100 mL, 
whereas that of the SIS microchamber was only 0.5 mL. As a result, volatile 
compounds produced from a standard mixture containing 45 g mL−1 TVB-N were 
diluted in the volumetric flask and the amine signal was almost identical in size 
with the background signal (see Fig. 3A). On the other hand, the SIS provided a 
signal clearly resolved from the background (see Fig. 3B). Therefore, the SIS 
resulted in higher sensitivity than the volumetric flask. The other major difference 
between the two systems was the stability of the N2 flow rate. Thus, the SIS 
maintained a virtually constant flow rate of 100 mL min
−1
 with oscillations of only 
±2 mL min
−1
 compared to ± 20 mL min
−1
 with the volumetric flask. 
  
 
Figure 2. Schematic depiction of a typical volumetric flask for inserting samples into IMS 
equipment. 
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Figure 3. UV-IMS spectra for a standard mixture containing 45 g mL−1 TVB-N as 
introduced via volumetric flask (A) and a microchamber unit (B).  
  
 Once the SIS was designed, the influence of various parameters on the 
determination of TVB-N in fish samples was examined. Table 2 shows the SIS 
variables studied, their working ranges and their optimum values. The criterion 
followed to select such values was maximizing the amine signal. 
      
     Table 2. Optimization of variables influencing the overall system. 
 
 
 Although TVB-N formed in a fish sample can emanate spontaneously, the 
process can be substantially facilitated by adding a few drops of NaOH solution. 
The effect of the NaOH concentration on the signal was studied at low and high 
levels (0.01 and 5.2 M, respectively). The higher concentration was chosen for 
Variable Range Optimum value 
NaOH volume added (µL) 0.5–30 20 
Temperature (ºC) 25–85 75 
Headspace time (min) 0–30 5 
Standard volume (µL) 50–200 200 
Sample weight (g) 0.05–1.5 0.05 
(A) (B) 
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further testing as it resulted in better signals. The influence of the NaOH volume 
was studied over the range 0.05–30 L and a volume of 20 L was adopted as it 
was the minimum value needed to cover the whole solid sample. The sample 
temperature influenced the concentration of substance in the N2 gas stream and 
hence peak height. As expected, higher temperatures resulted in better sensitivity. 
The temperature needed to obtain the greatest amounts of volatile compounds was 
75 ºC and kept constant throughout the tests. Sample solutions were thermostated 
in a water bath. Samples required only 5 min of heating to provide the amine 
signal. 
 
3.2. Analytical figures of merit 
The applicability of the proposed SIS-IMS system was assessed from its 
repeatability as determined on real samples, limit of detection and various other 
calibration parameters. Repeatability was studied in eight different portions from 
the same whiting samples that were processed by the same analyst, in the same 
way on the same day. In a first test, we assessed the repeatability of sample weight 
(g) and found it to be 0.052 ± 0.003 g, with a relative standard deviation (RSD) of 
5.8 %. In a second test, we assessed the repeatability of the signal (V) and obtained 
a value of 0.088 ± 0.003V and an RSD of 3.6%.  
 Between-day repeatability was also assessed. The same fish samples stored 
in the freezer were analysed in triplicate in the same way, by the same analyst on 
alternate days; the result was 0.11 ± 0.01V and its reproducibility (9 % as RSD) 
acceptable. 
 The limit of detection for TVB-N as experimentally determined by dilution 
of an initial concentration of 250 g mL−1 was g mL−1 (2 mg/100 g), which is 
low enough for quality control of fish samples. 
 Each experimental measurement comprised 50 spectra; we used a single 
scan at the maximum for quantitation. Fig. 4 shows the IMS spectral profile for a 
fish sample spiked with a mixture containing 60 g mL−1 TVB-N. As can be seen, 
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the signal appeared immediately after the SIS valves were switched. After the fifth 
spectrum, the signal decayed and remained constant throughout the analysis. 
 
Figure 4. Ion mobility spectra for a spiked fish sample as recorded during the 
injection step. 
  
 Calibration was done by using mixtures of aqueous solutions containing 
trimethylamine, dimethylamine and ammonia at variable concentrations from 5 to 
225 g mL−1 added to a fresh fish sample. The calibration was done by using the 
sample matrix to consider any matrix effect in the TVB-N signals. Notice that the 
individual amines gave some common peaks in all cases, the strongest one 
appearing at a drift time between 20 and 21 ms. This led us to construct the 
calibration curve from the intensity of this central peak as measured in a single 
scan (see Fig. 5). In this figure, it can be observed that the strongest signal 
correspond to trimethylamine which is the amine with the lowest photoionization 
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energy (7.85 eV). Under these experimental conditions, the intercept was 0.03 ± 
0.02 and the slope 0.0051 ± 0.0002. Linearity over this concentration range was 
quite acceptable (R
2
 = 0.996). 
  
 
Figure 5. Ion mobility spectra for an unspiked fish sample and fish samples spiked with the 
individual amines studied (ammonia, dimethylamine and trimethylamine) at 60 g mL−1. 
 
 
3.3. Qualitative analysis of fish samples 
The proposed SIS-UV-IMS system is a vanguard screening system as it requires no 
quantitation in order to provide a quick response regarding sample quality. Fig. 6 
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shows the variation of the IMS signal for four different fish samples that were 
analysed over a period of 8 days. During this period, the ground fish flesh samples 
were kept at 4 ºC. Each day the different fish samples were analysed as it was 
indicated in Section 2. 
 Based on previous studied we can confirm that a fish sample cannot be 
consumed if the concentration of amines is above 125 g mL−1 (50 mg/100 g). 
Using the UV-IMS equipment this concentration corresponds with a signal of 0.83 
V. For this reason this value was the signal voltage cut off in these qualitative 
studies. As can be seen, fish samples can remain fresh at 4 ºC only for 4 days. 
After 4 days of storage, the amine concentrations in the samples increased 
significantly in all types of fish except sardine, which can be stored refrigerated for 
7 days. Based on these results, the proposed method can be an effective alternative 
to sensory analysis with a view to checking the quality of fish in storage centres. 
 
 
Figure 6. Variation of the amine signal for various fish samples as function of their storage 
time in a refrigerator. 
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3.4. Quantitative analysis of fish samples 
We used the standard addition method in order to validate the proposed SIS-UV-
IMS system. To this end, fish samples expected, the TVB-N concentration rose to 
26 ± 1 g mL−1 (see Table 3). 
 
Table 3. TVB-N concentrations found in the fish samples. 
Concentrations were determined by using the standard addition method.     
(1) Different portions 0.05 g each taken from the same cod sample, kept below –18 ºC. 
(2) Different portions 0.05 g each taken from the same anchovy sample, kept below –18 ºC. (3) 
Different portions 0.05 g each taken from the same whiting sample, analysed after 3 days of storage 
in a refrigerator (4 ºC) 
 
 Recoveries were also calculated by using the standard addition method (in 
this case, the fish samples were previously spiked with a fixed concentration) and 
found to be 114 ± 18 % for cod (spiked with 30 g mL−1 TVB-N), 106 ± 14 % for 
anchovy (spiked with 10 g mL−1 TVB-N) and 114 ± 23 % for whiting (spiked 
with 30 g mL−1 TVB-N). Table 4 summarizes the results for the 9 fish samples 
Type of fish Concentration (g mL–1) Concentration 
(mg/100gsample) 
Cod 
(1)
 9.9   
3.9 ± 0.2 
Cod
 (1)
 9.2 9.8 ± 0.5 
Cod
 (1)
 10.2  
Anchovy 
(2) 
5.5   
2.8 ± 0.4 
Anchovy 
(2) 
6.1 7 ± 1 
Anchovy 
(2) 
8.2  
Whiting 
(3)
 27.2   
10.4 ± 0.4 
Whiting 
(3)
 27.1 26 ± 1 
Whiting 
(3)
 24.4  
SIS-IMS 
 - 139 -   
studied (3 each of cod, anchovy and whiting), which testify to the usefulness of the 
proposed method for determining TVB-N in fish samples. 
 
Table 4. Analyte recoveries obtained from various types of fish samples. 
Concentrations (in g mL–1) were calculated by using the standard addition method. 
(1) Different portions 0.05 g each taken from the same cod sample, kept below –18 ºC. 
(2) Different portions 0.05 g each taken from the same anchovy sample, kept below –18 ºC.  
(3) Different portions 0.05 g each taken from the same whiting sample, analysed after 3 days of storage 
in a refrigerator (4 ºC) 
 
 
4. Conclusions 
The proposed sample introduction system is a simple, robust, expeditious manifold 
for directly inserting volatile compounds present in small amounts in solid samples 
in-line into IMS equipment. This allows the determination of amines in minimally 
prepared fish samples. In fact, TVB-N is determined in the gas phase by using IMS 
without the need for chromatographic separation of the analytes, all within a mere 
7 min. The results obtained testify to the good precision and robustness of the 
Type of fish Concentration 
added 
Concentration 
found 
Recovery (%) 
Cod 
(1)
 30 39.7 132 
Cod
 (1)
 30 28.5 95 
Cod
 (1)
 30 34.5 115 
Anchovy 
(2) 
10 10.9 109 
Anchovy 
(2) 
10 9.0 90 
Anchovy 
(2) 
10 11.5 115 
Whiting 
(3)
 30 34.6 115 
Whiting 
(3)
 30 41.0 137 
Whiting 
(3)
 30 27.3 91 
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proposed method. By contrast, the commonly used procedure based on 
chromatography takes considerably more time to provide the analytical results. We 
examined the influence of the sample matrix and accompanying substances on the 
ion mobility spectra for the amines. Based on the results, ion mobility spectrometry 
qualifies as a powerful tool for quality and safety control of food samples. 
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ACOPLAMIENTO DIRECTO DE UN SEPARADOR GAS-
LÍQUIDO A UN ESPECTRÓMETRO DE MOVILIDAD IÓNICA 
PARA LA CLASIFICACIÓN DE DIFERENTES VINOS 
BLANCOS USANDO HERRAMIENTAS QUIMIOMÉTRICAS 
 
En el último apartado de este Capítulo, se diseñó un sistema que permite acoplar de 
forma on-line un sistema de inyección en flujo al equipo de movilidad iónica para 
analizar de forma totalmente automática muestras líquidas. Este sistema llamado 
separador gas-líquido o separador en fase gas permite llevar a cabo la separación 
de una muestra líquida de sus componentes volátiles. Para demostrar el potencial 
de este SIS, este dispositivo se ha usado para analizar muestras de vino con el fin 
de clasificarlas de acuerdo a su origen debido a que hay un importante interés por 
los consumidores por conocer el origen de productos de alta calidad y así poder 
evitar posibles fraudes. 
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DIRECT COUPLING OF A GAS–LIQUID SEPARATOR TO AN ION 
MOBILITY SPECTROMETER FOR THE CLASSIFICATION OF 
DIFFERENT WHITE WINES USING CHEMOMETRICS TOOLS 
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The potential of a vanguard technique as is the ion mobility spectrometry with 
ultraviolet ionization (UV–IMS) coupled to a continuous flow system (CFS) have 
been demonstrated in this work using a gas phase separator (GPS). This vanguard 
system (CFS–GPS–UV–IMS) has been used for the analysis of different types of 
white wines to obtain a characteristic profile for each type of wine and their 
posterior classification using different chemometric tools. Precision of the method 
was 3.1 % expressed as relative standard deviation. A deep chemometric study was 
carried out for the classification of the four types of wines selected. The best 
classification performance was obtained by first reducing the data dimensionality 
by principal component analysis (PCA) followed by linear discriminant analysis 
(LDA) and finally using a k-nearest neighbour (kNN) classifier. The classification 
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rate in an independent validation set was 92.0 % classification rate value with 
confidence interval [89.0 %, 95.0 %] at 95 % confidence level.  
 The same white wines analyzed using CFS–GPS–UV–IMS were analyzed 
using gas chromatography with a flame detector (GC–FID) as conventional 
technique. The chromatographic method used for the determination of superior 
alcohols in wine samples shown in the Regulation CEE 1238/1992 was selected to 
carry out the analysis of the same samples set and later the classification using 
appropriate chemometrics tools. In this case, strategies PCA-LDA and kNN 
classifier were also used for the correct classification of the wine samples. This 
combination showed similar results to the ones obtained with the proposed method. 
 
Keywords: Classification; White wines; Ultraviolet-ion mobility spectrometry; Gas phase 
separate; Vanguard method; Continuous flow system; Chemometric analysis. 
  
SIS-IMS 
 - 147 -   
1. Introduction 
One trend of analytical chemistry today is the development of new vanguard 
systems to address the high demand of quality information society requires. 
Briefly, we can summarize that vanguard systems provide fast and cheap results; 
also, systems require little or no sample preparation and can give qualitative rather 
than quantitative results. In them, productivity related properties are of great 
relevance at the expense of the level of basic properties [1]. Under this definition, 
ion mobility spectrometry (IMS) could be included into the vanguard analytical 
systems because it can provide analytical information of a high number of samples 
in a simple and rapid way. 
 Wine classification is an important topic, among other reasons, to detect 
possible frauds and to determine their authenticity with a view to assuring their 
quality to an expanding international market. The main purpose of Regulatory 
Councils is preventing fraud by guaranteeing the origin of theirs wines. The 
composition of wine samples is influenced by many and diverse factors 
corresponding to the specific area of production, such as grape variety, soil and 
climate, culture, yeast, winemaking practices, transport and storage [2]. Generally, 
the sensory analysis based on the trained experts panel test is useful in the wine 
classification task, but it is not always feasible because of high-cost and time 
consuming and sometimes without any objective estimation [3]. Therefore, the 
development and application of vanguard analytical systems suitable for the 
varietal authentication of wines are matters of interest in order to avoid fraud. 
 To date, the most common way to classify varietal wines is by monitoring 
the content of volatile aroma compounds mainly by employing gas 
chromatography (GC) [2,4–7]. Although recently, a new method based on an 
untargeted ultra high performance liquid chromatography coupled to ultra high 
resolution mass spectrometry approach has been used to classify wine samples 
from the metabolomic profiling [8]. But, although these conventional techniques 
are precise, selective, sensitive and the results that it provides should have a high 
level of metrological [1], it normally needs a process of sample preparation before 
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chromatographic analysis [9–13]. Therefore in recent years, the use of chemical 
sensors combined with multivariate statistical analysis techniques was an 
interesting alternative to classify wines [14–20]. The uses of sensors as electronic 
noses or artificial olfactory systems try to imitate a simplified human sense of 
smell but removing the subjective component implicit in it. These systems have the 
advantage of high portability for in situ and on-line measurements with lower cost 
[3]. Also they have high sensitivity, fast response, ease operation and capability to 
recognize different volatile compounds profiles. In this sense, IMS technique could 
be an alternative and appropriate sensor for the characterization and classification 
of different types of wines. 
 Moreover IMS equipment is very versatile and therefore different sample 
introduction systems (SIS) are an essential supplement for introducing volatile 
analytes in an efficient way into the IMS equipment. Different SIS coupled to IMS 
are described in the bibliography [21]. Recently, various SIS have been proposed 
by our research group, all of them are characterized by their simplicity and low 
cost to match with the advantage of the IMS technique [22,23]. In this work, an 
appropriate gas phase separator (GPS) [24] has been proposed for the in-line 
introduction of volatile analytes present in liquid samples in an IMS equipment. 
This system allows coupling a continuous flow system (CFS) to the IMS 
equipment. The CFS is characterized by their simplicity, ease of use and 
automatization. In addition they do not require special sample handling and 
consume little sample and reagent volume. Despite the potential advantages of CFS 
coupled with IMS equipment, this coupling has rarely been shown to be 
compatible [25–30]. In this case, it has been used for the extraction and injection of 
volatile analytes presents in wine samples and the classification of different types 
of white wines using their volatile analytes profiles. 
 Until this point, only the advantages of the IMS have been commented and 
this technique presents the problem that each analysis provides a huge amount of 
data. Therefore, an appropriate treatment of data is required to obtain high quality 
results. The multivariate statistical techniques provide the possibility to extract and 
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use information based on the overall properties of the sample and perform a 
classification without the need for additional compositional data [31]. 
 In summary, the CFS–GPS–UV–IMS proposed for the first time in this 
work has been used for the in-line extraction of volatile compounds present in wine 
samples to therefore obtain a characteristic fingerprint from each type of wine. 
Wine samples were classified taking into account the different origins using their 
profile of volatile compounds. Monovarietal white wine samples of four Certified 
Brands of Origin (CBOs) in southern Spain, with different alcohol content and 
different winemaking were used here to demonstrate the objective of this work. In 
order to confirm and validate the classification obtained with the CFS–GPS–UV–
IMS (vanguard method) the results were compared with the classification obtained 
by GC coupled with flame ionization detector (FID) as rearguard method. 
 
 
2. Materials and methods 
2.1. Reagents and samples 
A total of 54 white wine samples of four different origins from south of Spain were 
bought from local markets or were obtained from different CBOs. These wines 
were selected since their similar organoleptic characteristics. These wines could be 
potential products for frauds in the international market. For this reason, it is 
necessary to develop easy and reliable analytical tools to control the characteristic 
of each wine and to confirm the information of their labels. The CBOs used in this 
work were: Montilla-Moriles (n=15), Jerez (n=13), Valdepeñas (n=14) and 
Condado de Huelva (n=12). The wine samples were stored in their original 
container at ambient temperature during the realization of this work. 
 The studied wines were of two types as regards alcohol content. Jerez and 
Montilla-Moriles wines contained 15–23 % ethanol while Condado de Huelva and 
Valdepeñas wines contained only 9–14.5 %. Also each group of wine samples 
were elaborated with a type of different grape. Therefore, Montilla-Moriles wines 
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made with Pedro Ximenez grape; Jerez wines made with Palomino Fino grape, 
Condado de Huelva wines made with Zalema grape and Valdepeñas wines made 
with Airen grape. 
 The compounds used to calibrate the chromatographic method were: 
acetaldehyde, ethyl acetate, methyl acetate, 2-methyl-1-butanol, 3-methyl-1-
butanol, methanol, isobutanol, 1-butanol, 1-propanol, 2-butanol and acetoin. All 
were supplied by Sigma (St. Louis, MO, USA). 
 
2.2. Ion mobility spectrometer 
Measurements were made with a portable UV–IMS instrument from Gesellschaft 
für Analytische Sensorsysteme (GAS, Dortmund, Germany). The UV–IMS system 
was 350 × 350 × 150 mm in size, had a tube length 12 cm, weighed 5 kg and used 
a constant electric field of 333 V cm
−1
. The ionization source was a 10.6 eV UV 
lamp. The instrument was operated at ambient pressure and temperature. 
 GASpector software was used to record spectra, which were acquired in 
the positive ion mode. A total of 50 spectra were continuously recorded for about 2 
min per analysis, each spectrum being the average of 32 scans. The spectrum 
length was 1024 points, the grid pulse width 500 s, the repetition rate 50 ms and 
the sampling frequency 30 kHz. 
 
2.3. Gas phase separator as sample introduction system 
The manifold employed for the in-line vapor phase generation and mobility 
measurements is depicted in Fig. 1. The SIS selected in this work was previously 
used by Armenta et al. [24] for seafood freshness determination using Fourier 
transform infrared (FTIR) spectroscopy. The SIS consisted in a peristaltic pump of 
four channels, furnished with Teflon tubes, which was used to introduce the wine 
samples in the flow system. The connections and reaction coils were made from 
Teflon tubing. The gaseous phase was separated from the liquid stream in a home-
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made Pirex-glass of 4.7 mL volume GPS. The manifold incorporates an oven to 
improve the removal of volatile compounds from wine samples. 
 Wine samples were continuously aspirated inside the manifold shown in 
Fig. 1 at 0.7 mL min
−1
 flow. Wine samples were passed through a 100 cm length 
coil heated at 80 ºC and introduced in the GPS from which the generated volatile 
compounds were transported to the UV–IMS equipment after 15 min of generation 
of volatile compounds using a N2 carrier flow of 20 mL min
−1
. During these 15 
min, the stream of highly pure nitrogen (6.0) from Abelló Linde (Barcelona, Spain) 
was passed through the UV–IMS system for cleaning and stabilization while drift 
gas (N2) pass in crosscurrent to a flow of 70 mL min
−1
. 
 
 
Figure 1. Manifold employed for the in-line vapor phase generation from wine samples 
and analysis of the volatile compounds by UV–IMS. 
 
2.4. Gas chromatographic method 
Acetaldehyde, ethyl acetate, methyl acetate, 2-methyl-1-butanol, 3-methyl-1-
butanol, methanol, isobutanol, 1-butanol, 1-propanol, 2-butanol, and acetoin were 
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determined in wine samples using Gas Chromatograph HP 6890 coupled to FID 
and an autosampler HP 7683. A CPWAX-57-CB (25m×0.25mm) capillary column 
was used. The injection was made in split mode (20:1) using a temperature of 250 
ºC and 0.5 L of sample volume were injected to a pressure of 9.96 psi. Oven 
temperature program started at 40 ºC and immediately a gradient of 1 ºC min
−1
 
ramp was applied up to 60 ºC. Finally a 30 ºC min
−1
 ramp up to 180 ºC held for 1 
min was applied. Helium (purity 99.999%) was used as carrier gas at a flow of 1 
mL min
−1
. The detector temperature was set at 250 ºC, with air flow of 400 mL 
min
−1
, hydrogen flow of 40 mL min
−1
 and nitrogen make up flow of 29 mL min
−1
. 
4-Methyl-2-pentanol was used as internal standard. The chromatographic method 
following in this work, used for the determination of superior alcohols in wine 
samples, was shown in the Regulation CEE 1238/1992. 
 
2.5. Data analysis from IMS and GC 
From the 50 IMS spectra continuously recorded for each sample, a data set with 
only spectra in which signal appear (from 15 to 49 spectrum) has been built and 
used for the statistical and pattern recognition analysis (see Fig. 2). The drift time 
range used for chemometric analysis was from 15.4 to 27 ms (351 variables in all). 
A smoothing procedure using a Savitzky–Golay filter, a baseline correction and a 
peak alignment procedure were performed on all spectra. Additional details about 
the specific implementation of these pre-processing techniques will be given later. 
 Two data sets from GC analysis have been built using the peak areas of the 
chromatograms. The first data set includes the eleven peak areas identified by the 
chromatographic method and the second data set includes the thirty-six areas of the 
peaks that appear throughout the chromatogram. 
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Figure 2. Topographic plot of an ion mobility measurement of a white wine sample. 
  
 The multiway chemometric data processing were performed using the 
MATLAB (The Mathworks Inc., Natick, MA, USA, 2007) and PLS Toolbox 5.2.2 
(Eigenvector Research, Inc., Manson, WA, USA). The techniques used for the 
classification of the wine samples were principal component analysis (PCA) and 
linear discriminant analysis (LDA) for dimensionality reduction and the k-nearest 
neighbour (kNN) for classification. For the validation of the results, hold out 
validation and Bootstrap validation techniques have been implemented. Moreover 
significant differences in each compound identified by GC in the wines analyzed 
were determined by one way analysis of variance (ANOVA) using in this case the 
package software SPSS 12.0 (SPSS Inc., Chicago, IL). 
 PCA [32] is a signal processing technique that generates projections along 
the directions of maximum variance of the analyzed data. It has also been used as 
an unsupervised technique to beat the course of dimensionality generating 
projections of the original data in a reduced dimension where the maximum 
variance is preserved. 
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 The term LDA [32, 33] is a signal processing technique that generate 
discriminant functions that are linear in the input variables. The resulting linear 
combination may be used as a linear classifier or for dimensionality reduction 
before classification. In a specific sense, the technique maximizes class 
separability, generating projections where the examples of each class from compact 
clusters and the different clusters are far from each other. LDA has been used as 
supervised linear projection technique to find directions of maximum separation 
from a set of samples for which class membership is known in order to be able to 
predict the class membership of unknown samples. 
 The kNN [32] method is a technique used to generate non-linear 
classifications, finding the closest k examples in the dataset to the unknown class, 
and selecting the predominant class for it. kNN has been used for the classification 
of the wine samples in their correct group. In this work, value of k equal to 3 was 
used. 
 The hold out validation technique splits the initial data set in two subsets: 
the training subset, where the model is built; and the validation subset, where the 
performance of the model is measured. Normally, less than a third of the initial 
sample is used for validation data. However, in small data sets, the hold out 
validation technique could provide misleading values of performance. In order to 
overcome this limitation, the Bootstrap validation procedure allows to resample the 
data set with replacement, to generate sets of observations that may be used for the 
estimation of statistic magnitudes as the performance of the model [34]. 
 
 
3. Results and discussion 
A full optimisation of the CFS–GPS–UV–IMS was firstly carried out to extract the 
volatile compounds present in wine samples and in-line analysis by UV–IMS 
equipment. Subsequently, a signal and data processing study was needed to 
classify wines according to their origin from the IMS recorded spectra. Later, the 
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analysis of the same set of wine samples by GC–FID were carried out so to 
compare the obtained results by IMS to demonstrate the potential of this technique. 
 
3.1. Optimization of the sample introduction system 
Although the SIS used in this work has been used in a previous work coupled to a 
FTIR [24], in this application it has been reoptimized because of different features 
between UV–IMS and FTIR. The main objective of the optimization of the SIS 
was to observe characteristic bands in the ion mobility spectra of wine samples 
which differ for the different types of wines analyzed. 
 The experimental variables optimized were: (i) the temperature of the oven 
to produce volatile compounds from wine samples; (ii) the time that the wine was 
passing through the GPS to accumulate volatile compounds in this device; and (iii) 
sample gas and drift gas flows. The optimization was carried out using a 
representative wine sample of each type. 
 The first variable optimized was the temperature of the oven. Values 
between ambient temperature and 100 ºC were used. This parameter was important 
to favour the extraction of volatile compounds from the wine matrix. 80 ºC was 
considered as the optimum value since at this temperature the bands of the ion 
mobility spectra of the wine samples were better defined compared with other 
temperatures tested. 
 The second variable optimized and one of the most important was the time 
that the wine passes across the GPS. For it, times between 0 and 30 min were 
tested. 15 min was considered as optimum although more characteristics bands 
begin to appear after 15 min. These bands were more intense after 20 min. But the 
objective of our work was not to get the maximum sensibility. Therefore, the wine 
analyzed passed across the SIS during 15 min to reach a compromising situation 
between maximum signal and time of analysis. 
 Finally, the last variable optimized was the N2 flow rate. The SIS proposed 
presents the problem that it cannot be used with high sample gas flows because the 
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gas could sweep away to the liquid sample to the IMS equipment which could be 
dangerous for the equipment. With this limitation 20 mL min
−1
 was used. Also the 
drift gas greatly affected the ion mobility profile of the wine samples. Drift gas was 
optimized between 20 and 90 mL min
−1
. At low values of drift gas no 
characteristics bands were observed in the spectrum. These bands began to appear 
from 70 mL min
−1
. Therefore this valour of drift gas was selected as optimum. 
 
3.2. Ion mobility spectra data processing and pattern recognition of wine 
samples 
As it has been mentioned before, a data set has been formed with the IMS spectra 
of the different wines. Figs. 3 and 4 show the mean spectra for every wine and their 
standard deviation. As can be observed in the standard deviation (dotted line) from 
both figures, the variability of the volatile compounds profile of the samples within 
each group is small except for the Condado de Huelva group. As can be seen in 
Fig. 2 each IMS measurement comprised 50 spectra but only 34 spectra (15–49) 
were used for data evaluation. Due to the sampling procedure, the first 14 spectra 
and the last one do not include relevant information. The strategy of using 34 
spectra has been employed rather than the more usual single scan at the maximum, 
in order to ensure adequate representativeness of each analysis. The relevant 
information in all cases was included only in the spectral region between 15.4 and 
27 ms (351 variables). The dimension of the data matrix is 54 wine samples × 351 
variables and, before the outlier detection procedure, each wine sample includes 34 
spectra.  
 Data must be carefully pre-processed, since any inaccuracy introduced at 
this stage can cause significant errors in the statistical analysis. First a smoothing 
Savitzky–Golay filter of order 3 was used to improve the signal to noise ratio of all 
spectra of wine samples. Later, the baseline from each spectrum was corrected 
subtracting the mean value of an empty area of peaks (between 0 and 15 ms), 
common to all the original spectra of wine. Additionally, all spectra were aligned 
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with a shift in x-axis based on a polynomial function fitted to a reference peak [35]. 
New positions of the peaks are maximally close among the different spectra. 
 
 
Figure 3. Average spectra (solid lines) and standard deviation (dotted lines) 
for wines from group I. (a) Montilla-Moriles wines and (b) Jerez wines. 
 
 
Figure 4. Average spectra (solid lines) and standard deviation (dotted lines) for 
wines from group II. (a) Valdepeñas wines and (b) Condado de Huelva wines. 
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 Finally, the precision of the method proposed was assessed by analysing 
the same wine sample on the same or three different days under identical testing 
conditions. The within-day precision was obtained in eleven replicates on the same 
day and the between-day precision was obtained in three replicates within three 
consecutive days. The within-day and between-day precision values were obtained 
using all data of the range selected in each sample (mean value of 34 spectra per 
sample from 15.4 to 27 ms). The within day and between-day precision values 
obtained were 2.2 % and 3.1 % respectively calculated as relative standard 
deviation (RSD). 
 In order to find possible disturbing outliers for the pattern recognition 
analysis, a Hotelling‘s T square statistic and Q statistic tests has been implemented. 
For both, a confidence interval of 95 % has been used. An IMS spectrum has been 
considered as an outlier if either values of the T square test or the Q test exceeded 
the confidence limit. A wine sample has been considered as an outlier if the 
majority of its spectra (more than 17) were outliers. As a result of these tests, three 
samples were discarded from Montilla-Moriles wines, two samples were discarded 
from Jerez wines, three samples were discarded from Condado de Huelva wines 
and three samples were discarded from Valdepeñas wines. Therefore, after the 
discarded samples, the final data set for the analysis is composed of 43 samples, 12 
samples from Montilla-Moriles wine, 11 samples from Jerez wine, 9 samples from 
Condado de Huelva wine and 11 samples from Valdepeñas wine. Due to the 
removal of some within sample spectra, it must be highlighted that, now, each wine 
sample does not contain the same number of spectra. The dimension of the new 
data matrix is 43 × 351 and the total amount of spectra is 1424. Table 1 
summarizes the data and the distribution of spectra per sample per each type of 
wine sample analyzed. 
 For the first pattern recognition analysis, the data matrix has been splitted 
in two subsets (Table 1), one to estimate the calibration model (training set), 
containing 31 samples (approximately 75 % of the total amount) and the other to 
validate the model (validation set), with 12 samples (approximately 25 % of the 
total amount). As a next step in the pattern recognition model estimation, PCA was 
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applied on the training data set. Data were mean centered and the criterion used for 
selecting the number of principal components (PCs) was to collect more than 90 % 
of the total variance. The first 3 PCs were selected, because jointly explained 95.7 
% of the variance. However, by this approach, the different wine samples could 
only be separated by their alcohol content which it was not the objective of this 
work. 
  
Table 1. Summary of data set from IMS used for the chemometric treatment. 
 Montilla-
Moriles 
Jerez 
 
Condado de 
Huelva 
Valdepeñas 
Samples Number of spectra per sample 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
34 
34 
34 
29 
34 
- 
- 
34 
34 
34 
33 
28 
34 
34 
32 
- 
34 
34 
34 
31 
32 
34 
32 
34 
34 
31 
- 
- 
34 
34 
34 
34 
34 
34 
34 
34 
- 
34 
- 
33 
34 
- 
- 
34 
34 
34 
29 
33 
34 
31 
34 
30 
- 
15 -    
 12 samples  
396 spectra 
11 samples   
362 spectra 
9 samples  
306 spectra 
11 samples  
360 spectra 
Data 
set 
Training 9 samples 8 samples 6 samples 8 samples 
Validation 3 samples 3 samples 3 samples 3 samples 
 
 In order to improve the wine clustering beyond their alcohol contents, an 
additional LDA signal processing technique has been applied. A strategy of 
dimensionality reduction through PCA has been used previously to perform LDA 
in order to overcome the known tendency of this algorithm to overfitting in small-
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sample size problems, where the dimensionality is higher than the number of 
vectors in the training set [36]. Hold out validation has not been used due to the 
small number of samples in the validation set; a Bootstrap technique [34] has been 
implemented instead. Under the Bootstrap validation procedure, the training set is 
randomly selected (with replacement) over the total number of data and the 
remaining samples that were not selected for training are used for the validation. 
This procedure is repeated for a specific number of folds (B = 100). It must be 
again highlighted that selection has been done over the samples, not over the 
spectra, i.e. to select a wine sample means to select all its corresponding spectra. 
For every step in the procedure, PCA and LDA combination is built using the 
information of the training set. Then the validation set is projected over the model 
and a kNN classifier (k = 3) is used for estimate the classification rate of the 
model. A sample is assigned to a wine class through a majority vote procedure, i.e. 
if the majority of its spectra belong to that wine class. Thus the percentage of 
prediction is made for samples and not by spectra. Applying the PCA–LDA 
combination strategy using 16 PCs (99.9 % of the variance) the four groups of 
wines are projected in separate clusters (Fig. 5). Table 2A represents the confusion 
matrix for this solution. The classification rate on the validation set using 3NN 
classifier is 93.2 % with confidence interval [90.5 %, 95.5 %] at P = 0.05 
confidence level. 
 
Figure 5. Scatter plot for the LDA obtained using 16 PCs on training set from IMS data. 
Samples: Montilla-Moriles wines:◦; Jerez wines:×; Valdepeñas wines:*; Condado de 
Huelva wines: ∆. 
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 A scanning from 4 until 20 PCA dimensions has been done in order to test 
the performance of the PCA–LDA strategy. Fig. 6 shows the evolution of the 
overall classification rate with error bars representing the confidence interval at 95 
% confidence level. It can be seen that the best classification rate is achieved with 
16 PCs but on the other hand, taking into account the statistical significance, the 
classification rate of 8 PCs is comparable to the best solution, with a 92.0 % 
classification rate value with confidence interval [89.0 %, 95.0 %] at P = 0.05 
confidence level. Table 2B shows the confusion matrix for the 8 PCs solution. 
 
 
 
Figure 6. Scanning plot of the PCA-LDA strategy from 4 until 20 PCs. 
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Table 2. Confusion matrix obtained for the 16 PCs solution (A) and 8 PCS (C). V1: 
Montilla-Moriles wines; V2: Jerez wines; V3: Condado de Huelva wines; V4: Valdepeñas 
wines. 
Confusion matrix A 
(16 PCs)  
Predicted 
V1 V2 V3 V4 
Real V1 92% 7% 1% 0% 
V2 4% 93% 3% 0% 
V3 1% 7% 89% 3% 
V4 0% 0% 2% 98% 
Conf. Inter. (P=0.05)  89%-94% 91%-95% 85%-92% 96%-99% 
Overall percentage  93.2% (90.5% - 95.5%) 
 
Confusion matrix B (8 
PCs)  
Predicted 
V1 V2 V3 V4 
Real V1 93% 7% 0% 0% 
V2 10% 87% 3% 0% 
V3 3% 6% 87% 4% 
V4 0% 0% 1% 99% 
Conf. Inter. (P=0.05)  90%-95% 83%-90% 83%-91% 97%-99.5% 
Overall percentage  92.0% (89.0% - 95.0%) 
 
 
3.3. GC data processing and pattern recognition of wine samples 
In order to compare the performance of the IMS analysis, the same set of wine 
samples were measured in duplicate by GC, following the methodology described 
in section 2.3. One way ANOVA using the Tukey‘s B test was carried out 
according to the type of wine for their correct classification with the data of 
concentration from the wines analyzed by GC. The results obtained are 
summarized in Table 3. As it can be seen in Table 3, compounds as acetaldehyde, 
methyl acetate, 1-propanol, isobutanol, 1-butanol, 2-methyl-1-butanol and acetoin 
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classify to the wines in two groups. Montilla-Moriles and Jerez (higher alcohol 
content) have been clustered in one group and Condado de Huelva and Valdepeñas 
(lower alcohol content) have been clustered in other group. Only 3-methyl-1-
butanol classifies the wines in four groups. There is a high concentration of this 
compound in the wines analyzed. Satisfactory results were not obtained by 
applying ANOVA to the other compounds (methyl acetate, methanol and 2-
butanol).  
 
Table 3. Average values (mg L
−1
) and standard deviation (mg L
−1
) of all wine samples 
analyzed by GC–FID method for each wine group. 
Compounds Montilla-Moriles Jerez Condado de 
Huelva 
Valdepeñas 
Mean SD Mea
n 
SD Mea
n 
SD Mea
n 
SD 
Acetaldehyde 174
a 
66 190
a 
114 13
b 
23 24
b 
29 
Methyl acetate 4
ab 
3 1
a 
2 7
b 
6 2
a 
3 
Ethyl acetate 71
a 
25 22
b 
17 52
c 
22 42
c 
12 
Methanol 71
a 
9 79
a 
13 58
b 
17 78
a 
13 
2-Butanol 2
a 
4 0,4
a 
1 0
a 
0 0
a 
0 
1-Propanol 55
a 
26 47
a 
10 34
b 
8 30
b 
11 
Isobutanol 53
a 
11 60
a 
5 29
b 
11 33
b 
10 
1-Butanol 8
a 
2 7
a 
1 0
b 
0 0
b 
0 
2-Methyl-1-
butanol 
47
a 
6 45
a 
5 26
a 
5 30
a 
10 
3-Methyl-1-
butanol 
228
a 
35 187
b 
23 130
c 
13 159
d 
38 
Acetoin 31
a 
21 32
a 
19 15
b 
11 9
b 
17 
Susperscripts indicate the results of pairwise comparison using Tukey´s B test for a confidence 
interval of 99%. Identical superscripts non-significant differences.  
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 The use of concentration values obviously requires prior quantification, 
which is often complex and time consuming. Therefore, the areas of the peaks 
identified by GC (11 peaks) and of all the other peaks from chromatogram (36 
peaks) were used to carry out the chemometric treatment. 
 Once the outliers have been eliminated, as in the case of the IMS data set 
analysis, the final data set was conformed by a matrix with 100 samples and 11 
variables. The matrix data has been splitted in two subsets, one for the estimation 
of the pattern recognition model (72 % of the total of samples) and the other for the 
validation (28 % of the total of samples) of the estimated model. As in the case of 
the IMS presented above, the next step has been to apply PCA on the training 
subset. In this case, data were autoscaled and the criterion used for selecting the 
number of PCs was also collecting more than 90 % of the total variance. Following 
this criterion, 7 PCs have been selected (92.1 % of the variance). The projected 
data on a figure PC1 versus PC2 shows, as in the IMS case, a separation in terms 
of alcohol content. In order to improve separability, LDA has been applied on the 
PCA model, and a kNN classifier with hold out validation has been used to 
quantify separability. However the classification rate on the validation set only 
reaches 75 % with confidence interval [55.1 %, 89.3 %] at confidence level 95 %. 
 Similar pattern recognition development has been applied to a new data set 
consisting of the areas of the 36 peaks from the chromatogram. After removing 
outliers, the final data set consists of a matrix with 101 samples and 36 variables. 
The estimation data set encloses 72 samples (71.3 % of the total of samples) and 
validation set 29 samples (28.7 % of the total of samples). PCA has been used on 
autoscaled estimation set. 17 PCs which explain 91.2 % of the variance were 
selected. The four groups show good separability as it can be seen in Fig. 7 where 
PC1 versus PC2 are represented. The score plot resulted to the use of the combined 
PCA–LDA strategy with PCA dimension 17 reduced is shown in Fig. 8. Using 
3NN with hold out validation, a percentage of 96.5 % of good classification is 
obtained, with a confidence interval [88.2 %, 99.9 %] at P = 0.05 confidence level. 
Just a single sample, corresponding to Valdepeñas wine was bad labeled. 
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Figure 7. PCA results for the exploratory analysis from the four classes of wine samples 
analysed by GC using the areas of 36 peaks from chromatogram. Samples: Montilla-
Moriles wines:  ; Jerez wines:*; Condado de Huelva wines:  ; Valdepeñas wines: +. 
 
 
 
 
 
 
 
 
 
 
Figure 8. Score plot for the LDA obtained by using 17 PCs of wine samples analysed by 
GC using the areas of 36 peaks from chromatogram. Samples: Montilla-Moriles wines:; 
Jerez wines: x; Valdepeñas wines: *; Condado de Huelva wines: Δ. 
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3.4. Comparison of the main features of the CFS–GPS–UV–IMS and GC–FID 
methods 
Table 4 summarizes the main characteristics of the methods developed in this 
work. Although a good classification of the white wine samples has been achieved 
with both methods, with the CFS–GPS–UV–IMS method none sample 
pretreatment is required while in the chromatographic method a prior dilution and 
addition of the internal standard to the wine sample are necessary before analysis. 
Others advantages of the IMS technique are the short analysis times and its lower 
cost of the CFS–GPS–UV–IMS compared with a GC system. 
 
Table 4. Comparison of the most salient features of the methods developed 
for the classification of white wine samples. 
 
  
 
 
 
 
  
  
 The same set of samples were previous analyzed using capillary 
electrophoresis (CE) and the results obtained were already published [37]. With 
this separation technique the better classification was achieved making a 
chemometric treatment of the CE data according to their alcohol content. The 
results obtained with IMS and GC present the advantage over CE results that the 
obtained classification were independent from the alcohol content present in the 
wine samples analyzed. 
Variable CFS-CPS-UV-IMS GC-FID 
Sample volume 10 mL 0.L 
Analysis time 2 min 20 min 
Sample preparation none Dilution and addition 
internal standard 
Time generating of 
headspace 
15 min - 
Costs Low High 
Classification 92 % 96.5 % 
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3.5. Possible identification of the profile of the wine samples analyzed by IMS 
The wine presents a huge number of volatile compounds, such as, alcohols, esters, 
aldehydes or ketones [38]. Although the objective of the work was not to carry out 
the identification of the volatiles compounds presents in the wine samples, the 
profile of the spectra from wine samples obtained by CFS–GPS–UV–IMS was 
studied to identify some analytes. To achieve this goal, all the compounds 
identified by GC–FID method were studied to check if these analytes could also be 
determined by UV–IMS. In Table 5, the boiling point, ionization potential and 
vapor pressure to ambient temperature of these compounds are summarized. Only 
the compounds with an ionization potential lower that 10.6 eV can be ionized by a 
UV lamp. Therefore, all the compounds with an ionization potential lower that 10.6 
eV could be determined using the proposed IMS method but only three compounds 
(acetaldehyde, methyl acetate and ethyl acetate) shown signal. Although the other 
compounds have an ionization potential lower that 10.6 eV their boiling points are 
above 80 ºC. Moreover these compounds have a very low vapor pressure at room 
temperature for all these reasons, these compounds were not identified in the ion 
mobility spectrum. In Fig. 9, the ion mobility spectrum of a wine and the ion 
mobility spectrum of the same wine spiked with a mixture of acetaldehyde, methyl 
acetate and ethyl acetate and with an alcoholic degree similar to the present in a 
wine are shown. IMS has the disadvantage that it is difficult to identify peaks in 
their spectra due to ion–molecule reactions and its low resolving power, but by 
comparing the ion mobility spectrum of a wine with one spiked wine sample shows 
an increase can be seen in the bands from spectrum between 15 and 27 ms. 
Therefore, in this preliminary study we could confirm that acetaldehyde, ethyl 
acetate and methyl acetate contribute to obtaining the fingerprint of a wine sample 
analyzed using the proposed method. 
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Figure 9. Ion mobility spectra of a wine (solid line) and of a wine sample with mix 
of three compounds – acetaldehyde, methyl acetate, ethyl acetate (dotted line). 
 
 For this reason a correlation between the IMS and GC data from wine 
samples analyzed were developed using partial least-squares (PLS) regression with 
full cross validation (random subsets) and mean center prior of the data. 
Coefficient of determination in cross validation (R
2
) and the standard error in cross 
validation (RMSECV) were 0.86 and 58.70 respectively. This study could 
contribute to confirm that three volatile chemical compounds present in wine 
(acetaldehyde, methyl acetate and ethyl acetate) could be measured using IMS 
technique. Further development with large data sets will be required to test the 
predictive ability of the IMS calibration models developed. 
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Table  5. Compounds analyzed by GC–FID(1) and CFS–CPS–UV–IMS(2). 
Compounds Ionization 
Potential (eV) 
Boiling 
temperature (ºC) 
Vapor Pressure 
(mmHg to 20ºC) 
GC(1) IMS(2) 
Acetaldehyde 10.23 20.08 756.8     
Methyl acetate 10.25 57 165     
Ethyl acetate 10.01 77 73     
Methanol 10.85 64.7 97.7   x 
2-Butanol 9.88 99 12.5   x 
1-Propanol 10.22 97.1 14.9   x 
Isobutanol 10.02 108 8   x 
1-Butanol 9.99 118 5   x 
2-Methyl-1-
butanol 
>10.6 128 3   x 
3-Methyl-1-
butanol 
>10.6 132 2   x 
Acetoin >10.6 148 2.7 (25ºC)         x 
 
 
4. Conclusion 
In this work, a vanguard analytical system (CFS–GPS–UV–IMS) has been 
proposed for extraction in-line of volatile compounds present in liquid samples. 
This method has been applied to the analysis of white wine samples from different 
origins and different alcohol content. In this way, characteristics profiles from each 
group of wine samples have been obtained. Later a detailed chemometric treatment 
was carried out to classify the different wine samples. A good classification was 
obtained by firstly reducing the data dimensionality by PCA followed by LDA and 
finally using a kNN classifier. 
 On the other hand, these same wine samples have been analyzed using a 
chromatographic method using GC–FID. Later a chemometric treatment has been 
carried out too. Using the data of the areas from all the peaks (36 peaks) from the 
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chromatogram and applying a PCA, all the wine samples have been classified 
correctly. Moreover LDA and later a kNN classifier have been used to get a good 
classification too. 
 Therefore, in this work a vanguard method has been compared (CFS–GPS–
UV–IMS) with a rearguard method (GC–FID) obtain satisfactory results with both. 
Although GC is a more reliable, precise, sensitive and selective technique, its cost 
is higher compared with UV–IMS equipment, moreover the speed of response 
obtained using IMS. We recommend the proposed method as a quick, efficient, 
reliable, cheap and for all of characteristics, CBOs could use IMS as a technique to 
check the authenticity of their wines in order to prevent frauds. 
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INTRODUCCIÓN 
 
Una vez estudiados los distintos SISs de esta Memoria, se seleccionó el sistema de 
espacio de cabeza ya que es un SIS que presenta las características óptimas para 
usarlo acoplado a equipos de IMS para demostrar la calidad del aceite de oliva. 
Este es un problema agroalimentario para el que actualmente no existe una única 
metodología analítica que  proporcione de forma rápida y fiable una información 
de calidad.  
 En los últimos años, existe un alto interés de los consumidores para 
conocer la calidad de productos alimenticios de alto valor añadido. Entre estos 
productos, el aceite de oliva es un producto muy apreciado por los consumidores 
debido a sus beneficios para la salud. De esta forma, el desarrollo de métodos 
analíticos para demostrar la calidad del aceite de oliva ha sido objeto de numerosas 
investigaciones.  
 En el mundo hay aproximadamente 750 millones de olivos la mayoría de 
los cuales se encuentran principalmente en las regiones del Mediterráneo (95 %). 
La Unión Europea (UE) es, por tanto, el principal productor del aceite de oliva 
produciendo aproximadamente el 84 % de la producción mundial siendo España, 
Italia, Grecia, Portugal y Francia los principales productores de aceite de oliva. 
Entre estos países, España es el principal productor de aceite de oliva el cual 
produce sobre un 44 % de la producción de la UE. Otros países productores de 
aceite de oliva se encuentran en Oriente Medio, Norte de África, Argentina, USA, 
México, Chile y Uruguay los cuales producen aproximadamente el 16 % restante 
de la producción mundial. Además en la UE se consume el 71 % de la producción 
mundial de aceite de oliva. 
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 El aceite de oliva se obtiene de la aceituna (Olea europea L.) y 
dependiendo del proceso de elaboración existen diferentes categorías de aceites de 
oliva. En la Figura 1 se presenta a modo de resumen un esquema del proceso de 
elaboración. 
  
 
Figura 1. Diagrama del proceso de producción de los distintos tipos de aceites de oliva. 
  
 El aceite de oliva virgen es el que se obtiene directamente de la aceituna 
exclusivamente por procedimientos mecánicos, o por otros medios físicos en 
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condiciones, especialmente térmicas, que no produzcan la alteración del aceite. El 
aceite de oliva virgen no debe tener más tratamiento que el lavado del fruto, la 
molienda, la preparación de la pasta, la separación de fases sólidas y líquidas, la 
decantación y/o centrifugación y el filtrado. El aceite de oliva virgen se clasifica en 
aceite de oliva virgen extra, aceite de oliva virgen y aceite de oliva virgen lampante 
atendiendo a una serie de características.  
A continuación se describen las características principales de cada tipo de aceite: 
 - El aceite de oliva virgen extra es un tipo de aceite de oliva virgen el cual 
tiene una acidez libre expresada como ácido oleico menor de 0.8 g/100 g, y cuyas 
otras características están conformes a las establecidas para esta categoría. 
 - El aceite de oliva virgen es un tipo de aceite el cual tiene una acidez libre 
expresada como ácido oleico menor de 2 g/100 g, y cuyas otras características 
están conformes a las establecidas para esta categoría. 
 - El aceite de oliva virgen lampante es otro tipo de aceite de oliva virgen el 
cual tiene una acidez libre expresada como ácido oleico menor de 3.3 g/100 g, y 
cuyas otras características están conformes a las establecidas para esta categoría. 
Este tipo de aceite no es apto para el consumo directo por lo tanto tiene que 
someterse a procesos de refinado para el consumo humano. 
 - El aceite de oliva refinado es el aceite de oliva obtenido de los aceites de 
oliva virgen mediante procesos de refinado (físicos o químicos) los cuales no 
deben producir alteraciones en la composición glicerídica. Su acidez libre, 
expresada como ácido oleico, no debe ser superior a 0.3 g/100 g, y cuyas otras 
características están conformes a las establecidas para esta categoría. 
 - El aceite de oliva es el aceite que se obtiene mediante la mezcla de 
aceites de oliva refinados y aceites de oliva virgen. La acidez libre, expresada 
como ácido oleico no debe superar 1 g/100 g y cuyas otras características están 
conformes a las establecidas para esta categoría. 
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 - El aceite de orujo de oliva es el aceite obtenido mediante tratamiento del 
orujo con disolventes u otros tratamientos físicos, con exclusión de los aceites 
obtenidos mediante procesos de esterificación. De esta forma se obtiene el aceite 
de oliva de orujo crudo el cual debe ser refinado para ser apto para el consumo 
humano. Finalmente, el aceite de orujo de oliva es el aceite elaborado de la mezcla 
de aceite de orujo de oliva refinado y aceite de oliva virgen. Este tipo de aceite 
tiene una acidez libre no superior a 1 g/100 g y cuyas otras características están 
conformes a las de su categoría. 
 En general, la composición de los diferentes tipos  de aceites está formada 
por 98-99 % de triacilgliceroles y el 1-2 % restante está formado por componentes 
minoritarios tales como: escualeno, alcoholes triterpénicos, esteroles, tocoferoles 
(alfa-tocoferol), polifenoles (antioxidantes naturales) y unos 100 compuestos 
volátiles conteniendo aldehídos, hidrocarburos alifáticos y aromáticos, alcoholes, 
cetonas, ácidos, ésteres, éteres y derivados del tiofeno y furano, los cuales difieren 
en su composición química dependiendo de los factores medioambientales (por 
ejemplo, clima y suelo), factores agronómicos, variedad de aceituna, grado de 
maduración y factores tecnológicos además del proceso de extracción y proceso de 
envasado del aceite de oliva [2-7].  
  No siempre los compuestos volátiles a altas concentraciones son los 
principales responsables del aroma ya que factores químicos como la volatilidad, 
carácter hidrofóbico, tamaño, forma, estructura conformacional de las moléculas, 
tipo y posición de los grupos funcionales parecen afectar a la intensidad del olor 
más que su concentración [8, 9]. Además cada compuesto volátil contribuye al 
aroma total según los niveles del umbral sensorial [10]. 
 La reglamentación de la Unión Europea de los aceites vegetales 
comestibles establece una serie de análisis, algunos de ellos orientados a la 
detección de los posibles fraudes. En la Tabla 1, se muestran a modo de ejemplo 
los parámetros que hay controlar para asegurar la calidad de un aceite de oliva 
virgen.  
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Tabla 1. Parámetros característicos para asegurar la calidad de un aceite de oliva virgen. 
Regulación (EC) No. 1989/2003. 
Tipo de aceite de oliva Virgen extra Virgen Lampante 
Acidez (%) ≤ 0.8 ≤2.0 >2.0 
Índice de peróxidos       
(mEq O2/kg) 
  ≤20 ≤20 - 
 
Espectrometría UV  
K270≤0.22 K270≤0.22 - 
∆K≤0.01 ∆K≤0.01 - 
 K232≤2.5 K232≤2.6 - 
Evaluación organoléptica Afrutado >0 
Defectos=0 
Afrutado >0 
Defectos≤2.5 
- 
Defectos>2.5 
 
 El análisis sensorial mediante paneles de cata forma parte del método 
oficial para demostrar la calidad de un aceite de oliva. El anexo XII de la 
Regulación No. 1989/2003 del 6 de Noviembre de 2003 [11] establece los criterios 
para asegurar las características organolépticas de los aceites vírgenes definidos en 
el Anexo de la Regulación No. 136/66/EEC [12] y describe el método de gradación 
con características de referencia. El panel de cata está formado por los Estados 
miembros y está compuesto por un catador principal y de 8 a 12 catadores. Los 
catadores deben ser seleccionados y entrenados  para distinguir las características 
que puedan hacer a muestras muy similares diferentes entre ellas [13]. Los 
catadores deben oler y probar las muestras de oliva que vayan a examinar y 
entonces deben analizar su olor, gusto, tacto y percepciones cenestésicas y señalar 
en una hoja sus percepciones para cada atributo positivo o negativo. El formulario 
que deben rellenar está dividido en atributos negativos (humedad, moho, 
avinagrado, borras, metálico, rancio entre otros) y atributos positivos (frutado, 
amargo y picante) [13]. 
 Entre las ventajas de los paneles de cata para evaluar la calidad del aceite 
de oliva hay que mencionar que hoy en día, sólo el olfato humano es capaz de 
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poder describir el perfil sensorial de una muestra de aceite de oliva [5]. Esto es 
debido a que algunos compuestos presentes en el aroma del aceite de oliva parecen 
estimular al mismo tiempo gusto y olfato. Además al final del nervio trigémino se 
determinan un número de complejas interacciones que dan lugar a sinergismos 
positivos y negativos. Por otro lado, los paneles de cata presentan algunas 
desventajas. Una de ellas es que los humanos no pueden identificar más de tres o 
cuatro componentes individuales presentes en mezclas [14]. Otra desventaja de los 
paneles de cata es el hecho de que un catador solo puede analizar seis muestras por 
día para que su evaluación sea fiable por lo que el panel de cata no puede utilizarse 
para operaciones de rutina. Otro aspecto negativo que hay que tener en cuenta es el 
desacuerdo que existe entre los diferentes catadores para una misma muestra. 
 Otros sistemas muy empleados también para identificar la calidad del 
aceite de oliva en lugar de usar los paneles de cata son la Cromatografía de Gases y 
los Sensores Químicos (Narices Electrónicas).  
 La GC se ha usado para demostrar la calidad del aceite de oliva a lo largo 
de los años. Aunque esta técnica presenta dos principales desventajas: necesitan un 
largo tiempo de análisis y no pueden realizarse de manera on-line debido a que la 
mayoría de los métodos que emplean la GC necesitan largos procesos de 
preparación de muestra. Las principales modalidades de extracción de analitos de 
muestras de aceite que se emplean antes del análisis cromatográfico son: inyección 
directa, extracción mediante espacio de cabeza estático, extracción mediante 
espacio de cabeza dinámico y microextracción en fase sólida. A continuación se 
describen brevemente cada una de estas modalidades: 
1. En la inyección directa, la muestra se coloca en un horno en la entrada 
de la columna cromatográfica y el gas portador purga los compuestos 
volátiles generados y los conduce hacia la columna. Esta es la técnica más 
simple para analizar compuestos volátiles ya que no necesita manipulación 
de la muestra. No obstante, es la técnica menos sensible y necesita altas 
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temperaturas de trabajo por lo que no es muy adecuada para el análisis de 
alimentos [16]. 
2. El análisis de espacio de cabeza (HS, headspace) implica la partición de 
los analitos entre la fase líquida o sólida no volátil y la fase vapor situada 
encima de ésta. El módulo de HS del sistema puede emplear una extracción 
estática o dinámica de los compuestos que conforman la fracción volátil de 
la muestra.  
 - En la modalidad de espacio de cabeza estático la muestra se 
calienta en un sistema capaz de termostatizar el vial de muestra a la 
temperatura que se quiera durante un tiempo determinado durante el cual 
los compuestos volátiles del aceite pasan al espacio de cabeza de la 
muestra. La técnica de espacio de cabeza estática es una técnica fácil y 
rápida, no requiere manipulación de la muestra ni el uso de disolventes y 
presenta alta reproducibilidad [17].   
 - En la modalidad de espacio de cabeza dinámico (dynamic 
headspace, DHS), se realiza una preconcentración de los analitos previa a 
su introducción en el equipo de análisis. La modalidad más conocida es la 
llamada de purga y trampa en la cual el espacio de cabeza se hace pasar por 
una columna rellena de un material adsorbente, normalmente, Tenax TA, y 
pasado un tiempo se realiza la desorción térmica de los mismos.  
3. La microextracción en fase sólida (SPME) es una técnica de 
adsorción/desorción simple, efectiva que integra el muestreo, extracción, 
concentración e introducción de muestra en un único paso sin el empleo de 
disolventes [18]. Se compone de una fibra cubierta de sílice fundida con 
diferentes fases estacionarias [17], tales como divinilbenceno (DVB), 
carboxeno (CAR) polidimetilsiloxano (PDMS) y sus combinaciones [19]. 
Entre las ventajas de la SPME destaca la reducida manipulación de la 
muestra y simplicidad, por lo que, los tiempos de extracción son reducidos 
y hay poco riesgo de contaminación entre muestras. Además ofrece una 
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buena repetitividad y linealidad [17]. No obstante, la técnica de SPME 
tiene algunas limitaciones como la dificultad de comparar entre fibras y el 
diagnóstico del rendimiento de la fibra [20].  
 La alternativa instrumental propuesta en los últimos años para asegurar la 
calidad del aceite de oliva virgen no está ligada a la identificación de los 
compuestos volátiles de la muestra, sino a una caracterización de naturaleza 
cualitativa que permita una rápida clasificación del aceite de oliva atendiendo a su 
calidad y propiedades discriminantes. De ahí que aparezcan otros métodos que se 
basen en un análisis global como son los Sensores Químicos o Narices 
Electrónicas. Estos sistemas instrumentales intentan asemejarse a la percepción 
sensorial que realiza el consumidor ya que esta no se basa exclusivamente en un 
compuesto específico (objetivo principal de la separación cromatográfica) sino de 
un conjunto de ellos con intensidades variables entre tipos de aceites. 
 Un Sensor Químico es un dispositivo capaz de convertir la información 
química en una señal eléctrica y de reflejar la concentración de partículas 
específicas tales como átomos, moléculas o iones en gases o líquidos 
proporcionando una señal eléctrica. La integración de varios sensores constituye la 
llamada „Nariz Electrónica‟ [22]. Los sensores tienen algunas ventajas frente a los 
otros sistemas como el bajo coste, fácil manejo, portabilidad de los dispositivos y 
pequeño tamaño. Además no necesitan reactivos y suministran resultados rápidos 
[22]. Aunque, en el día de hoy, los sensores presentan algunas desventajas 
principalmente centrados en la deriva de la señal, recuperación y dependencia de su 
señal con la humedad y temperatura [23].  
 En esta Tesis Doctoral se propone por primera vez el uso de la IMS como 
técnica de vanguardia para demostrar la calidad del aceite de oliva. En este 
Capítulo se abordan tres trabajos experimentales usando el acoplamiento de 
sistemas de espacio de cabeza a la IMS que tienen como finalidad la 
caracterización de la calidad sensorial del aceite de oliva de una forma rápida y 
automatizada mediante el tratamiento de la información global o información 
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específica proporcionada del análisis de las muestras de aceite de oliva usando la 
IMS. La Figura 2 representa el esquema general para demostrar la categoría de un 
aceite de oliva usando la IMS. 
 
 
Figura 2. Esquema global del análisis de los aceites de oliva mediante la IMS para 
demostrar su calidad. 
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CLASIFICACIÓN DIRECTA DE ACEITES DE OLIVA USANDO 
DOS TIPOS DE ESPECTRÓMETROS DE MOVILIDAD IÓNICA 
 
 
Actualmente la sociedad necesita métodos rápidos y fiables para distinguir los tipos 
de aceites que se pueden encontrar en el mercado (por ejemplo, aceite de orujo de 
oliva, aceite de oliva y aceite de oliva virgen extra). En el primer trabajo de este 
Capítulo se seleccionaron estos tres tipos de aceites ya que eran las muestras más 
fáciles de encontrar en los supermercados con el fin de analizarlos usando la IMS 
para obtener un perfil característico de cada tipo de aceite. Para abordar este 
trabajo se analizaron el mismo grupo de muestras con el equipo usado en los 
trabajos anteriores presentados en esta Memoria y con un nuevo equipo comercial 
el cual presenta una fuente de radiación de tritio y una columna multicapilar. Los 
resultados se compararon con el fin de demostrar cual equipo es más eficaz para 
clasificar la calidad del aceite de oliva según su categoría. 
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ION MOBILITY SPECTROMETERS 
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In this work, we explored the use of an Ion Mobility Spectrometry (IMS) device 
with an ultraviolet (UV) source, and of a Gas Chromatographic (GC) column 
coupled to an IM Spectrometer with a tritium source, for the discrimination of 
three grades of olive oil, namely: extra virgin olive oil (EVOO), olive oil (OO) and 
pomace olive oil (POO). The three types of oil were analyzed with both 
equipments combinations as coupled to a headspace system and the obtained ion 
mobility data were consecutively processed with various chemometric tools. The 
classification rate for an independent validation set was 86.1 % (confidence 
interval at 95 % [83.4 %, 88.5 %]) with an UV–IMS and 100 % (confidence 
interval at 95 % [87 %, 100 %]) using a GC–IMS system. The classification rate 
was improved by using a more suitable ionization source and a pre-separation step 
prior to the IM analysis. 
Keywords: Ultraviolet–Ion Mobility Spectrometry; Gas Chromatography–Ion Mobility 
Spectrometry; Classification; Olive oil. 
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1. Introduction 
Ion Mobility Spectrometry (IMS) is a vanguard analytical technique that provides 
analytical information in a simple, rapid and inexpensive manner. For example, an 
IM spectrometer can be used to extract global information about the volatile profile 
of a sample. Most IMS instruments use a radioactive ionization source due to its 
increased sensitivity compared to other sources. Radioactive sources are usually 
rugged and stable over very long periods, and require no external power supply; 
unfortunately, they have relatively narrow working ranges. An ultraviolet (UV) 
lamp can be an effective alternative to a radioactive source for IMS as it provides 
photoionization energies from 8.6 to 11.7 eV, therefore the selectivity of ionization 
can be partly improved using UV-lamps with different photoionization energies 
[1]. It can further operate over a wider linear range. On the other hand, the UV-
lamp is limited to provide only positive ions (Eq. (1)): 
    M + h→ M+ + e−                            (1) 
while radioactive sources can provide positive ions (Eq. (2)): 
       M + (H2O)nH
+
 → MH+(H2O)n → MH
+
(H2O)n−1 + H2O              (2)  
where M is the sample, (H2O)nH
+
 is a positive reactant ion, MH
+
(H2O)n is a cluster 
ion and MH
+
(H2O)n−1 is a product ion; and negative ions (Eq. (3)): 
  M+ O
2-
(H2O)n → MO
2-
(H2O)n−1 + H2O      (3) 
where M is the sample, O
2-
(H2O)n is a negative reactant ion and MO
2-
(H2O)n−1 is a 
product ion. Although some chemical groups do not form stable adduct ions and, 
consequently, show no response to negative polarity. Based on chemical structure, 
compounds may exhibit a type of preferred response in one polarity over the other 
[2]. 
 IM spectrometers usually have relatively poor resolution due to of peak 
overlapping resulting from ion–ion or ion–molecule reactions in the ionization 
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region. The rather limited selectivity of the IMS (especially for the detection of 
individual substances in complex mixtures) often requires implementing a pre-
separation step. For this reason, IMS is often coupled with a standard gas 
chromatographic column. Hill et al. [3, 4] have explored the joint use of IMS and 
capillary Gas Chromatography (GC) since the 1980s. Using a gas chromatographic 
column coupled to an IM instrument combines the high selectivity of 
chromatographic separation with the good sensitivity of IMS. As a result, a GC–
IMS system provides an excellent analytical tool, even for measurements in 
complex matrices. The ability to change the polarity of the drift voltage allows 
GC–IMS systems to be used for the detection of various types of substances such 
as ketones, aldehydes, alcohols, amines, and organophosphorus and halogenated 
compounds. Recently, a multicapillary column (MCC) was used instead of a 
standard column for a coupling to an IMS. An MCC is a bundle of 1000 
longitudinal parallel uniform capillaries 20/100 m in inner diameter that is coated 
with a stationary liquid phase to obtain a high separation rate and efficiency [5]. 
 Typically, IMS has been used to detect chemical warfare agents, 
explosives and illegal drugs [6]. In recent years, however, IMS uses have grown to 
include highly interesting applications such as food quality control tests [7, 8], 
although GC–IMS has rarely been used in this field. The applications of GC–IMS 
have been more focused in the analysis of volatile compounds presents in human 
breath [9]. 
 Selective, sensitive headspace analyses during food production from raw 
materials usually require enriching the volatile compounds present in the 
headspace and subsequent detection with a spectroscopic method in the laboratory 
[10]. Standard analytical techniques such as Atomic Absorption Spectroscopy, GC 
and Mass Spectrometry are all time-consuming and/or expensive; also, they require 
pre-concentration of the sample. In recent years, Olfactometry, and so-called 
―Electronic Noses‖ and ―Electronic Tongues‖, have been increasingly used for the 
quality control and characterization of foodstuff [11–13]. The IMS can be used to 
obtain a chemical profile of volatiles with a view to characterizing and classifying 
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samples. In this work, we assessed the potential of IMS for food field analyses by 
using it to classify olive oils. 
 EC Regulation 1019/2002 of the Commission of 13 of June of 2002 
establishes labeling rules for commercial olive oil and the specific information to 
be included on consumer product labels. Properly enforcing such rules for olive oil 
varieties requires the ability to distinguish and classify them in accordance with 
established official designations. Olive oil is commercially available basically in 
three different grades, namely: extra virgin olive oil (EVOO), olive oil (OO) and 
pomace olive oil (POO). EVOO is oil directly extracted by purely mechanical 
means from ripe fruits of the olive tree. OO is obtained by mixing refined olive oil 
and a variable amount of virgin olive oil from 10 to 60%. Pomace is the residue 
remaining after extracting virgin olive oil with solvents. POO is often further 
processed to obtain refined pomace oil by mixing with a small amount (5–10%) of 
virgin olive oil. 
 In this work, we research the use of an IM spectrometer with a UV source 
and one with a radioactive ionization source (
3
H below the exemption limit of the 
EURATOM countries) that was coupled to an MCC for pre-separation before 
analysis with a view to study the potential of the IMS for classifying samples of 
edible olive oils (EVOO, OO and POO, which can differ dramatically in price 
according to quality). The IMS data thus obtained were processed with various 
multivariate analysis methods in order to obtain a correct classification of the three 
types of olive oil that were studied. 
 
2. Experimental 
2.1. Experimental conditions for UV–IMS 
Measurements were made with a portable UV–IMS instrument from G.A.S. 
(Gesellschaft für analytische Sensorsysteme mbH), Dortmund, Germany. A 10.6 
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eV UV lamp was used as ionization source. The instrument was operated at 
ambient pressure and temperature. 
 The sample introduction system (SIS) used to inject volatile compounds 
present in the oil samples is described in detailed elsewhere [14]. Briefly, it 
consists of a headspace sampling unit including a vaporization vial to facilitate 
equilibration, a heating device intended to keep the headspace container at a 
constant temperature and an injection device for transferring the vapor phase from 
the headspace container into the UV–IMS equipment. For analysis, no pretreatment 
was required, only 1 mL of sample was placed in a 10 mL vial which was sealed 
with a Teflon septum and heated during 10 min. After this time, the headspace was 
swept to the equipment. Spectra were acquired in the positive ion mode, using 
GASpector® software (Version 3.9.9.DSP from G.A.S.). Table 1 shows the UV–
IMS conditions used. 
 
2.2. Experimental conditions for GC–IMS 
The GC–IMS instrument used (FlavourSpec®, from G.A.S.) was equipped with a 
heated splitless injector, which enabled direct sampling of the headspace from the 
oil samples. For better reproducibility, the instrument was coupled to an automatic 
sampler unit (CTC-PAL, CTC Analytics AG, Zwingen, Switzerland). The 
experimental conditions used for this equipment are summarized in the Table 1. 
 For analysis, a volume of 2 mL of sample was placed in a 20 mL vial that 
was closed with magnetic caps. After 5 min incubation at 60 ºC, L of sample 
headspace was automatically injected by a heated syringe (80 ºC) of 5 mL into the 
heated injector (80 ºC) of the GC–IMS equipment. 
 After injection, the carrier gas passing through the injector inserted the 
sample into the MCC for timely separation. Then, the analytes were eluted and 
driven into the ionization chamber for ionization prior to detection by the IM 
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spectrometer. Data were acquired by the integrated computer within the equipment, 
and displayed on it and consecutively processed using the software LAV version 
1.3.0 from G.A.S.. 
 
  Table 1. Experimental conditions for UV–IMS and GC–IMS analyses. 
 UV-IMS GC-IMS 
SIS   
Sampling Headspace (10 mL) Headspace (20 mL) 
Incubation time 15 min 5 min 
Sample volume 1 mL 2 mL 
Incubation temperature 150 ºC 60 ºC 
Injector temperature 25 ºC 80 ºC 
Column   
Multicapillary column – OV-5 
Length of column – 20 cm 
Column temperature – 40 ºC 
Run time 3 min 10 min 
IMS   
Ionization source Ultraviolet (10.6 eV) Tritium (6.5 KeV) 
Voltage Positive drift Positive drift 
Drift length 12 cm 6 cm 
Electric field strengh 333 V cm
-1
 350 V cm
-1
 
Carrier gas flow rate 70 mL min
–1
 (N2 6.0) 10 mL min
–1
 (N2 5.0) 
Drift gas flow rate 110 mL min
–1
 (N2 6.0) 500 mL min
–1
 (N2 5.0) 
Equipment temperature 25 ºC 45 ºC 
Average 64 32 
Trigger delay 400 ms 100 ms 
Number of spectra 50 865 
Spectral length 1024 3000 
Grid pulse width 500 s 100 s 
Repetition rate 50 ms 21 ms 
Sampling frequency 30 kHz 150 kHz 
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2.3. Oil samples 
A total of 49 Spanish olive oil samples were analyzed. Some were purchased at 
local supermarkets and some kindly provided by their manufacturers. Once in the 
laboratory, the samples were stored at ambient temperature in their original bottles 
and kept from light until analysis. 
 For classification, samples were split into three groups according to grade 
as stated on their labels, namely: Type I (EVOO, 23 samples) Type II (OO, 19 
samples) and Type III (POO, 7 samples). The small number of Type III samples 
available was a result of pomace oil being marketed only by a few manufacturers. 
Each sample was analyzed in duplicate (98 analyses). Authors would like to 
highlight that Type II and III could contain a heterogeneous set of samples since 
manufacturers use different percentages of refined olive oil and virgin olive oil to 
elaborate POO and OO. 
 
2.4. Data analysis 
 For the pattern recognition using UV–IMS data, the last 36 spectra were 
selected from the 50 that were recorded for each sample and the drift time range 
between 18 and 34.5 ms (495 variables); while, for the pattern recognition using 
GC–IMS data, the first 200 spectra were selected and the drift time range between 
7.1 and 11.3 ms (627 variables). The same preprocessing was applied to both data 
sets. Chemometric processing of the IMS data was done with MATLAB (The 
Mathworks Inc., Natick, MA, USA, 2007) and PLS Toolbox 5.5 (Eigenvector 
Research, Inc., Manson, WA, USA). The processing techniques used included 
Principal Component Analysis (PCA) and Linear Discriminant Analysis (LDA) 
and the k-Nearest Neighbor (kNN). 
 Data were initially subjected to PCA in order to reduce their dimensions 
and apply the classifying procedure to a smaller subspace. Then, LDA was used as 
a supervised linear projection technique to identify directions of maximum 
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separation from a set of samples of known class membership in order to facilitate 
prediction of the class memberships for unknown samples and also LDA was used 
for dimensionality reduction before classification. Finally, the kNN method was 
used to classify the olive oil samples accurately. 
 
3. Results and discussion 
All experimental variables for the UV–IMS and GC–IMS systems were initially 
optimized for the intended application: discriminating olive oil grades. This was 
followed by a comprehensive chemometric study of the IMS results in order to 
classify the oil samples according to grade. 
 
3.1. Optimization of the UV–IMS conditions 
SIS experimental variables and IMS instrumental variables were optimized in 
accordance with the aim of this work (see Table 1). The former included sample 
volume, heating temperature and heating time. The UV–IMS system was 
optimized by processing an EVOO sample. The tallest spectral peak among those 
for the body of spectra was used as reference and the effect of its height on 
sensitivity and repeatability as optimization criterion. The influence of the amount 
of sample was studied over the range of 0.25–2 mL. A sample volume of 1 mL was 
selected as optimal since no significant differences in peak height were observed 
with other volumes. The influence of the sample heating time was examined over 
the range of 2–30 min. Increasing the time, signal intensity was increased through 
the formation of volatile compounds in the headspace. Heating for 15 min was 
found to ensure adequate sensitivity. The effect of the sample incubation 
temperature was studied over the range 60–150 ºC. This variable was optimized for 
the three oil types and the sample heating temperature assumed to be critical with a 
view to obtaining large enough spectral differences between them. The spectra for 
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POO and OO samples at temperatures from 60 to 120 ºC were very similar in 
shape and signal intensity. A heating temperature of 150 ºC was chosen as optimal 
since it resulted in large enough spectral differences between the three types of 
olive oils (see Fig. 1). Raising the temperature facilitated the release of volatile 
organic compounds with high boiling points. Although a high temperature can 
favor the formation of some compounds and the loss of other compounds that exit 
due to the thermoxidation process of the olive oils [15]. 
 The most critical instrumental variables were the drift and sample gas flow 
rates, and the grid pulse width. Special care was exercised in optimizing the drift 
and sample gas flow rates on account of the bidirectional flow design of the UV–
IMS system used. The effects of the sample gas flow rate on the test signals were 
studied over the range of 70–120 mL min−1. The maximum peak height was 
obtained at 70 mL min
−1
. Increasing the sample gas flow rate decreased the 
maximum peak intensity, probably through dilution of the sample in the ionization 
region. The effect of the drift gas flow rate was also examined from 110 to 140 
mLmin
−1
 and 110 mL min
−1
 selected because it led to the highest possible 
repeatability in the measurements. The optimum drift gas to sample gas flow rate 
ratio was thus close to 1.5 and consistent with the results of previous studies by the 
authors [7, 14, 16]. 
 The grid pulse width has a direct influence on the shape, resolution and 
intensity of spectra peaks. Thus, this variable governs the time during which ion 
gates are open and allow ions to enter the drift region. A grid pulse width of 1000 
s was found to result in a higher signal intensity than one of 200 s, at the cost of 
a diminished resolution, so a pulse width of 500 s was selected as optimal. 
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Figure 1. Spectra for three different types of olive oil at variable temperatures. (A) 60 ºC, 
(B) 120 ºC and (C) 150 ºC. (a) Extra virgin olive oil (blue line, (1)); (b) olive oil (green 
line, (2)); and (c) pomace olive oil (red line, (3)).  
  
3.2. Optimization of the GC–IMS conditions 
The operating conditions of the GC–IMS equipment were optimized identically 
with those for the UV–IMS system. The optimum value for each variable is shown 
in Table 1. The most influential variables with respect to resolution were the carrier 
gas flow rate and column temperature. The influence of the carrier gas flow rate 
was examined over the range of 10–100 mL min−1 and chromatographic separation 
found to be maximum at the lowest value: 10 mL min
−1
. 
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 A high drift gas flow rate (500 mL min
−1
) was used to avoid contamination 
of the system with residual traces from previous runs and reduce the flush time as a 
result. Using such a high flow rate facilitated discrimination of the oil samples 
according to grade.  
 The column temperature was held at 40 ºC. In fact, raising it to 50 ºC 
detracted from separation efficiency. 
 
3.3. Processing of ion mobility spectra and pattern recognition of oil samples 
 3.3.1. UV–IMS 
UV–IMS spectra were initially inspected visually in order to identify the 
potentially most useful regions for chemometric processing. The strongest 36 
spectra (15–50) from the 50 UV–IMS continuously recorded spectra for each 
sample (Fig. 2) were used to construct a data set in order to facilitate statistical and 
pattern recognition analyses. The drift time range used for chemometric analysis 
was 18–34.5 ms (495 variables in all). A smoothing procedure using a third-order 
Savitzky–Golay filter, baseline correction and peak alignment was applied to all 
spectra. In Fig. 1C we can see the profile that was obtained for each type of olive 
oil. 
 The repeatability of the measurement process was evaluated with 11 
replicates analyzed on the same day and its reproducibility with 3 replicates 
analyzed over 3 consecutive days. The repeatability and reproducibility thus 
calculated were 1.5 % and 2.7 %, respectively, as relative standard deviation 
(RSD). These values testify the outstanding precision of the UV–IMS system. 
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Figure 2. Topographic plot of UV–IMS spectra. 
  
 Outliers potentially disturbing the pattern recognition analysis were sought 
by subjecting the results of the duplicate analysis for each sample to Hotelling‘s T-
square statistical and Q statistical tests at a confidence level of 95 %. The process 
of elimination of outliers was the same as explained in a previous work [17]. This 
test led us to rule out 2 samples of POO, 7 of OO and 8 of EVOO. Table 2 
summarizes the data and the distribution of spectra per sample per each group of 
olive oil. Therefore, the final data set we used for pattern recognition consisted of 
81 samples × 495 variables and the total amount of spectra is 2881 (as many as the 
spectra that were used for each sample). This procedure was called strategy 1 in 
this work. For pattern recognition, the data matrix was split into a training set 
containing 74 % of the samples that was used to construct the calibration model 
and a validation set containing the remainder 26 % that was used to validate the 
model (see Table 2). 
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Table 2. UV-IMS data set used for chemometric processing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 *number of spectra used for each sample  
sample repetition extra virgin olive oil* olive oil* pomace oil* 
1 1 - - 36 
2 36 - 36 
2 1 36 36 36 
2 36 36 36 
3 1 36 36 36 
2 36 36 36 
4 1 36 36 36 
2 36 36 36 
5 1 - 36 36 
2 36 36 36 
6 1 36 36 36 
2 36 36 36 
7 1 36 36 - 
2 36 25 - 
8 1 36 -  
2 36 -  
9 1 36 36  
2 36 36  
10 1 36 36  
2 36 36  
11 1 36 36  
2 36 36  
12 1 36 36  
2 36 36  
13 1 - 36  
2 - 36  
14 1 36 36  
2 - 36  
15 1 36 36  
2 32 34  
16 1 36 36  
2 36 -  
17 1 36 -  
2 36 -  
18 1 - 36  
2 - 36  
19 1 - 27  
2 30 36  
20 1 31   
2 36   
21 1 36   
2 36   
22 1 36   
2 36   
23 1 36   
2 36   
total  38 samples (1355 
spectra) 
31 samples (1094 
spectra) 
12 samples (432 
spectra) 
outliers  8 samples 7 samples 2 samples 
calibration  28 samples (1006 
spectra) 
24 samples (852 
spectra) 
8 samples (288 
spectra) 
validation  10 samples (349 
spectra) 
7 samples (242 
spectra) 
4 samples (144 
spectra) 
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 The next step in the pattern recognition analysis involved constructing the 
calibration model by applying PCA to the training data set. Data were previously 
mean-centered and the optimum number of principal components (PCs) taken to be 
smallest accounting for at least 90 % of the total variance. The first three PCs were 
found to jointly explain 96.05 % of the total variance. The results of the PCA are 
shown in Fig. 3. 
 
 
 
Figure 3. PCA results for mean-centered data for the three types of oil as obtained with 
UV–IMS. Samples: Pomace olive oil (red triangles); olive oil (green asterisks); extra virgin 
olive oil (blue squares).  
 
 As can be seen, plotting PC1 versus PC2 and PC1 versus PC3 resulted in 
slight clustering of the three groups of oils. Clustering was improved by applying 
the LDA signal processing technique. Dimensionality reduction by PCA was 
previously used in order to correct the well-known tendency of LDA to overfitting 
small-sized sample sets, where the number of dimensions typically exceeds that of 
vectors in the training set [18]. Using a PCA–LDA strategy in combination with 7 
PCs—which jointly accounted for 98.6 % of the total variance—allowed the three 
groups of olive oils to be projected as separated clusters (see Fig. 4). The LDA 
projection was processed by applying a classification procedure based on the kNN 
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method, with k=3, to the validation set. Table 3 shows the confusion matrix for this 
solution. The classification rate obtained by applying the 3NN classifier to the 
validation set was 86.1 % (confidence interval [83.4 %, 88.5 %] at 95 % 
confidence level). As can be seen from Table 3, the predictions for POO and 
EVOO were quite good (100 % success), whereas those for OO groups were rather 
poor (57.8  %). This can be due to the different percentage of refined olive oil and 
virgin olive oil that was used for the elaboration of OO by the different brands. 
Therefore this method is not appropriate for the classification of OO samples 
because these samples could be misclassified as POO or EVOO. 
 
 
 
Figure 4. Classification plot for LDA obtained by using 10 
principal components on the training set constructed from UV–
IMS data. Samples: Extra virgin olive oil (blue circles); olive oil 
(green asterisks); pomace olive oil (red triangles).  
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Table 3. Confusion matrix for the 7 PCs solution from the UV-IMS data 
*confidence interval at 95 % 
  
 3.3.2. GC–IMS 
The above-described set of olive oil samples were also analyzed by using a more 
sophisticated, GC–IMS system. A pre-separation step before ion mobility analysis 
was performed by using a gas chromatographic column. 
 The repeatability of the measurement process was evaluated with 11 
replicates analyzed on the same day and its reproducibility with 3 replicates 
processed over 3 consecutive days. The repeatability and reproducibility thus 
calculated was less than 4.5 % and 5.3 %, respectively, as relative standard 
deviation (RSD). These values are slightly higher than those obtained with the 
UV–IMS system, but indicative of the good precision of the GC–IMS system.  
 GC–IMS data were subjected to a similar pre-processing procedure as UV–
IMS data before treatment. Thus, the first 200 spectra among the 865 recorded for 
each sample were used for chemometric processing, which was applied over the 
range from 1073 to 1700 points (627 variables in all). This range corresponded to 
drift times from 7.1 to 11.3 ms. This area contains the most information of the 
sample. A smoothing procedure based on second-order Savitzky–Golay filtering 
and peak alignment were applied to all spectra. No baseline correction was needed, 
Oil type Pomace Olive Extra Virgin Olive Prediction rate 
Pomace  144 5 0 100 % 
Olive 0 140 0 57.8 % 
Extra virgin 
Olive 
0 97 349 100 % 
Total 144 242 349 86.1 % 
[83.4%, 88.5%]* 
(C) 
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however. Fig. 5 shows topographic plots for the three oil types as obtained from 
preprocessed data for the GC–IMS system. 
 
 
Figure. 5. Topographic plot of GC–IMS spectra. (A) Pomace olive oil, (B) olive oil and (C) 
extra virgin olive oil. 
 
 For chemometric treatment, the 200 spectra selected for each oil sample 
were arranged consecutively in a row. This procedure was called strategy 2 in this 
work. With this strategy, the matrix dimension for each sample was 1 object × 
125,400 variables, where 125,400 is the product of 200 spectra × 627 variables 
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each. This treatment differed from that applied to the UV–IMS data (strategy 1). A 
treatment similar to that used with the UV–IMS data was also applied to GC–IMS 
data, but resulted in poor separation with strategy 1 (viz. converting each 
individual oil sample into 200 by using the first 200 spectra selected for each 
sample). The poor results obtained may have been a consequence of some spectra 
having an identical profile for all oil groups due to the effect of the pre-separation 
procedure applied. 
 A based on Hotelling‘s T-square statistical and Q statistical test at a 
confidence level of 95 % was implemented to all olive oil samples (49 samples by 
duplicate). As a result of these test, 6 samples were discarded of EVOO, 2 of POO 
and none of OO. Notice that 2 samples ruled out in the pomace group were the 
same as the ones discarded using UV–IMS and this fact could be attributed to a 
wrong preserving of the samples. Therefore, the final data set for analysis consisted 
of 90 samples and the dimension of the new data matrix was 90 samples × 125,400 
variables. 
 For the pattern recognition, 71 % of the samples were used to construct the 
calibration model and the remainder 29 % to validate it. Table 4 shows the number 
of data used for estimation and validation in each group. The calibration set was 
mean-centered and subjected to PCA. The first 5 PCs were found to jointly explain 
90.06 % of the total variance. As can be seen from Figs. 6, which shows a plot of 
PC1 versus PC2 and another of PC1 versus PC3, the three oil groups were quite 
well resolved. The proportion of accurate predictions was then calculated by 
applying a kNN classifier to the data processed with PCA–LDA. Fig. 7 shows the 
score plot obtained by using the PCA–LDA procedure with a reduced dimension of 
8. Using a 3NN filter with hold-out validation afforded 100 % classification 
(confidence interval [86.8 %, 100 %] at P = 0.05, Table 5). 
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Table 4. Characteristics of the GC-IMS data set used for chemometric processing. 
Oil type Number of 
samples 
Data set Number of 
spectra per 
sample 
Number of 
variables(*) 
Total 
number of 
variables Training 
set 
Validation 
set 
Pomace 12 8 4 200 627 125400 
Olive 38 28 10 200 627 125400 
Extra 
virgin 
40 28 12 200 627 125400 
Total 90 64 26 200 627 125400 
(*) The drift time range was from 7.1 to 11.3 ms. Therefore, the total number of variables was 801 
 
 
 
 
 
Figure 6. PCA results for mean-centered data for the three types of oil as obtained with 
GC–IMS. Samples: Pomace olive oil (red triangles); olive oil (green asterisks); extra virgin 
olive oil (blue squares).  
 
 
 
 
-6 -4 -2 0 2 4 6
x 10
4
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
2.5
x 10
4
Scores on PC 1 (63.39%)
S
co
re
s 
on
 P
C
 2
 (
11
.5
1%
)
Samples/Scores Plot of aceites_cal
-6 -4 -2 0 2 4 6
x 10
4
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
x 10
4
Scores on PC 1 (63.39%)
S
co
re
s 
on
 P
C
 3
 (8
.1
8%
)
Samples/Scores Plot of aceites_cal
Análisis de aceites de oliva usando HS-IMS 
 - 207 -   
Figure 7. LDA plot obtained following reduction to a 
dimension of 8 of the data matrix by applying PCA to a 
training set constructed from GC–IMS data. Samples: Extra 
virgin olive oil (blue circles); olive oil (green asterisks); 
pomace olive oil (red triangles).  
 
 
Table 5. Confusion matrix for the 8 PCs solution from the GC-IMS data. 
Oil type Pomace  Olive  Extra Virgin 
Olive 
Prediction 
rate 
Pomace  4 0 0 100 % 
Olive 0 10 0 100 % 
Extra virgin Olive 0 0 12 100 % 
Total 4 10 12 100 % [87%, 
100%]* 
*confidence interval at 95 % 
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4. Conclusions 
In this work, we have researched the performance of IMS (UV–IMS and GC–IMS) 
in the classification of olive oils according to commercial grade. In this case the 
global information that was obtained after the analysis of all volatile compounds 
present in olive oils was used as a pattern or fingerprint to differentiate the three 
categories of olive oil that were studied. Whereas the UV–IMS system requires a 
temperature of 150 ºC for headspace sampling, the GC–IMS system only requires 
using an incubation temperature of 60 ºC prior to separation on the GC column 
coupled to the IMS instrument. The total run time for each sample was very similar 
with both systems (18 min with UV–IMS and 15 min with GC–IMS). Also, a 
similar chemometric treatment was used to classify oil samples with both systems, 
although a different pretreatment was used for the data that were supplied for each 
of the equipments. The best results were obtained by using a gas chromatographic 
column in combination with IMS; this could be due to a consequence of the pre-
separation step used providing wealthier information with a view to classifying the 
oil samples. It is also important to remark that the tritium source is able to ionize 
more compounds that are found in olive oil samples than an UV-lamp. In any case, 
the prediction capabilities of both IMS systems are comparable with that of the 
ChemSensor equipment [19]. In summary, GC–IMS provides a vanguard 
methodology for classifying olive oils according to commercial grade and avoiding 
fraud. 
 Although the aim of this work was not to identify compounds that exist in 
olive oil samples, the profile that is obtained could be due to C6 compounds such 
as aldehydes [hexanal, 3-hexenal and 2-hexenal], alcohols [hexanol, 3-hexenol and 
2-hexenol] and their corresponding esters [hexyl acetate and 3-hexenyl acetate] 
which account for up to 80 % of all volatiles which are found in olive oils [20]. 
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AUMENTO DE LA SENSIBILIDAD Y SELECTIVIDAD PARA 
LA DETERMINACIÓN DE ALDEHÍDOS EN ACEITES DE 
OLIVA MEDIANTE EL USO DE UNA TRAMPA TENAX TA 
ACOPLADA AL ESPECTRÓMETRO DE MOVILIDAD IÓNICA 
 
 
Una vez demostrado el potencial de la IMS para clasificar distintos tipos de aceites, 
se estudió la capacidad de esta técnia para poder identificar algunos de los 
compuestos que forman parte del perfil de volátiles acoplando una columna Tenax 
TA a un espectrómetro de movilidad iónica con fuente ultravioleta. Este 
acoplamiento  aumenta dos de las propiedades básicas de la Química Analítica. Por 
un lado, aumenta la sensibilidad gracias a la retención de los compuestos volátiles 
en la trampa Tenax TA  y, por otro lado, aumenta la selectividad debido a la 
desorción térmica de los analitos y su monitorización a tiempo real usando el 
equipo de movilidad iónica. En este trabajo, se identificaron los aldehídos volátiles 
los cuales son una de las familias de compuestos mayoritarios presentes en el aceite 
de oliva. Estos analitos pueden estar relacionados tanto con la buena calidad de un 
aceite de oliva como con estados de mala calidad. 
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ENHANCING SENSITIVITY AND SELECTIVITY IN THE 
DETERMINATION OF ALDEHYDES IN OLIVE OIL BY USE OF A 
TENAX TA TRAP COUPLED TO A UV–ION MOBILITY 
SPECTROMETER 
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A Tenax TA trap was coupled to an ion mobility spectrometer in order to improve 
basic analytical properties such as sensitivity and selectivity. The analytical 
performance of this combination was assessed in the determination of volatile 
aldehydes between 3 and 6 carbon atoms present in olive oil. The aldehydes were 
extracted and adsorbed into the trap, from which they were thermally desorbed for 
analysis by UV-Ion Mobility Spectrometry (UV–IMS). Sensitivity was increased 
by the preconcentration step and selectivity by the combination of temperature 
programmed thermal desorption and the ability of the ion mobility spectrometer to 
monitor the desorbed analytes in real time. The limits of detection obtained were 
lower than 0.3 mg kg
–1
 and the relative standard deviation lower than 10 %. A one-
way analysis of variance (ANOVA) was used to identify significant differences 
between olive oil grades in terms of peak heights for the target aldehydes. 
Keywords: Aldehydes, Olive oil, Thermal desorption, Tenax TA trap, Ion Mobility 
Spectrometry.
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1. Introduction 
The development of highly sensitive and selective techniques with trace-level 
detection and unequivocal analyte identification capabilities is becoming 
increasingly desirable in analytical chemistry [1]. In the last decade, some research 
groups have demonstrated the potential of Ion Mobility Spectrometry (IMS) for 
detecting and identifying volatile and semivolatile organic compounds in real 
matrices including agrifood products [2–7]. Although IMS is routinely used to 
detect explosives in many airports [8], it has not yet been widely accepted by the 
analytical chemistry community and its actual potential remains largely 
unexplored. However, new methodologies based on IMS technology are bound to 
become increasingly popular in routine analytical laboratories provided the ensuing 
methods improve analytical properties such as accuracy, sensitivity or selectivity in 
relation to existing alternatives. The enhancement of the analytical properties of a 
methodology using IMS should be accomplished before the ion mobility analysis, 
i.e., by coupling appropriate sample introduction systems (SISs) to IMS devices. 
 Headspace analysis is one of the most popular approaches to determining 
volatile compounds by IMS by virtue of its sample preparation expeditiousness and 
the need for no solvents to extract the target analytes. However, static headspace 
analysis has often proved inadequately sensitive for trace components and required 
raising the operating temperature in order to improve the sensitivity; this, however, 
produces large amounts of volatiles, which detract from selectivity or even causes 
the formation of new compounds, especially from food products. The dynamic 
headspace system (DHS) affords the determination of a wide range of both volatile 
and semivolatile organic compounds, and is at least 100 times more sensitive than 
the static headspace system. DHS methods have been widely used to determine 
volatile compounds in foods on the grounds of their ability to detect low 
concentrations of analytes significantly contributing to flavor [9]. 
 Two major weaknesses of IMS are its low resolution and the risk of mutual 
interferences between analytes (a result mainly of the technical complexity of 
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atmospheric pressure ionization) [10]. A number of approaches to improving the 
selectivity of the IMS have to date been devised that chiefly involve the use of (a) 
a dopant gas [11]; (b) a selective ionization source [12] such as a photoionization 
lamp; or (c) a gas chromatography (GC) column [13] or multicapillary column 
(MCC) [14] coupled to the ion mobility equipment. One other potentially effective 
choice for improving selectivity in IMS is using thermal desorption (TD) to 
partially resolve mixture components prior to IMS analysis. In a TD-IMS coupled 
system, temperature adds an additional dimension to IMS data which facilitates the 
interpretation of complex spectra by allowing the identification and resolution of 
analytes in complex mixtures. IMS is known to provide analytical information on 
the millisecond time scale for gaseous compounds; this allows its dynamic 
response to the desorption temperature to be exploited for resolving the target 
analytes from their interferents. Moreover, IMS requires no solvent extraction, 
which avoids operator exposure to toxic compounds. The TD-IMS combination 
has been used for various purposes in previous work [10, 15–17].  
  In a recent study, we used a static headspace system to grade three types 
of olive oils by IMS [18]. Volatile compounds were not identified in the headspace 
and a high temperature (150 ºC) was used to obtain a characteristic profile for each 
type of oil. Because such a high heating temperature can alter the sensory profile of 
olive oil, we used a lower one. In addition, we preconcentrated volatiles in a Tenax 
TA trap to increase the sensitivity, the trapped analytes being subsequently 
determined by TD-IMS. Because the headspace of olive oil typically contains more 
than a hundred components and most are present at very low levels [19], we 
focused on volatile aldehydes, which are contained in increased amounts relative to 
other flavor compounds in olive oil [20]. 
 The major volatile compounds present in high-quality olive oil are 
aldehydes of 6 carbon atoms (2-hexenal and hexanal) [21]. Other volatile 
aldehydes also present in olive oil include 2-pentenal, pentanal, 2-butenal, 3-
methylbutanal, 2-propenal and propanal. 2-Pentenal, pentanal, propanal and 2-
propenal, which are related to the peroxidation of oils [20, 22], as well as 3-
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methylbutanal with aminoacid conversion [23]. The determination of these volatile 
compounds from olive oil has usually been carried out by using GC–MS together 
with DHS-TD [23–25]. One alternative to these methods is the use of an electronic 
nose capable of converting chemical information into an electrical signal [24]. 
 The primary aim of this work was to develop a method exploiting the 
extraction and preconcentration capabilities of a Tenax TA trap in combination 
with TD to improve the sensitivity of IMS and its ability to provide real-time 
snapshots of the TD process with a view to increasing its selectivity by using a 
mixture of aldehydes in olive oil samples.  
 
2. Experimental 
2.1. Ion mobility spectrometry 
Measurements were made with a portable UV–IMS instrument from G.A.S.-
Gesellschaft für Analytische Sensorsysteme mbH (Dortmund, Germany). The UV–
IMS system had a tube length of 12 cm and used a constant voltage supply of 333 
V cm
–1
. A 10.6 eV UV lamp was used as ionization source. The instrument was 
operated at ambient pressure and temperature. Spectra were acquired in the 
positive ion mode, using GASpector
®
 software (Version 3.9.9.DSP from G.A.S.). 
Each spectrum contained 1024 data points and was the average of 64 scans. The 
grid pulse width was 500 s, the repetition rate 50 ms and the sampling frequency 
30 kHz. 
 
2.2. Sample introduction system 
The SIS used to analyse olive oil samples was a DHS-TD system coupled to UV–
IMS (DHS-TD-UV–IMS). The proposed system consisted of a thermoreactor 
(Velp Scientifica, Usmate, Italy) where the sample was deposited in a headspace 
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vial (10 mL) to maintain a controlled temperature; an adsorbent trap made of 
stainless steel (15 cm × 0.6 cm) and packed with 0.8 g of Tenax TA (60/80 mesh, 
Scientific Instrument Service, Ringoes, USA) that was placed in a chromatographic 
oven; and switching valves (Selectomite
® 
HOKE Incorporated, Spartanburg, SC) to 
facilitate automatic operation of the SIS. Prior to sampling, the Tenax TA trap was 
conditioned with N2 6.0 (Abelló Linde, Barcelona, Spain) at a flow rate of 100 mL 
min
–1
 at 250 ºC for 4 h in order to remove oxygen and prevent its adverse effects 
on Tenax resin. Figure 1 depicts the SIS used.  
 
Figure 1. Sample introduction system for feeding volatile compounds into UV–IMS 
equipment.  
 
 Each olive oil sample (1 g) was pre-heated at 50 ºC for 1 min, after which 
high purity N2 was bubbled at 200 mL min
–1
 through the sample vial for 15 min to 
remove volatile compounds from the oil mass and collect them in the trap, packed 
with Tenax TA. The trap was kept at 30 ºC during the adsorption of volatiles. After 
an adsorption time of 15 min, the switching valves were actuated to have the 
volatiles desorbed from the trap, in the same direction as they were adsorbed. The 
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heating program used in the chromatographic oven was as follows: initial 
temperature 70 ºC, followed by a 20 ºC min
–1
 ramp to 200 ºC. The desorption flow-
rate was 30 mL min
–1
. Simultaneously, the desorbed analytes were monitored with 
the IMS. Table 1 summarizes the experimental variables examined. A blank 
sample (empty vial) was processed between consecutive samples to prevent 
carryover. Also, a stream of N2 at 250 ºC was passed through the trap at 100 mL 
min
–1
 for 30 min at the beginning of each working day to remove any traces of 
oxygen present in the Tenax TA resin. 
 
Table 1. Optimization of the operating conditions of the proposed DHS-TD-UV-IMS 
method. 
 
Optimized parameter Studied range Optimum value 
Sampling   
Sample size 0.2–4 g 1 g 
Headspace time 1–10 min 1 min 
Thermoreactor temperature 30–70 ºC 50 ºC 
Adsorption   
Column length 5 and 15 cm 15 cm 
Adsorption time 5–20 min 15 min 
Adsorption flow-rate 100–300 mL min–1 200 mL min–1 
Adsorption temperature 30 ºC 30 ºC 
Desorption   
Desorption flow-rate (sample gas flow) 20–70 mL min–1 30 mL min–1 
Drift gas flow-rate 30–90 mL min–1 50 mL min–1 
Temperature ramp 5–20 ºC min–1 20 ºC min–1 
Temperature range 30–200 ºC 
70–200 ºC 
70–200 ºC 
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2.3. Samples and reagents 
A total of 27 lampante, virgin and extra virgin olive oil samples were obtained 
from the Agrarian Laboratory of Junta de Andalucia in Cordoba (Spain). All were 
subjected to a panel test as reference method to check their grade according to EU 
Regulation 2568/91. The samples were stored in opaque glass refrigerated at 4 ºC 
until analysis in order to preserve their sensory properties. 
 All aldehydes used (propenal, 2-propenal, 2-butenal, 3-methylbutanal, 
pentanal, 2-pentenal, hexanal and 2-hexenal) were supplied by Sigma–Aldrich (St 
Louis, MO, USA). A 5000 mg kg
–1
 stock solution of each was prepared by 
dissolving an amount of 0.01 g of compound in 2 g of refined olive oil, which was 
chosen as blank matrix on the grounds of its giving no analytical signal when 
subjected to the proposed method. Refined olive oil retains the chemical structure 
of olive oil but has no aroma or flavor [26]. Stock solutions were stored 
refrigerated at 4 ºC.  
 The Tenax TA solid sorbent (2,6-diphenylene oxide) was purchased from 
Scientific Instrument Service (Ringoes, New Jersey).  
 
3. Results and discussion 
In this work, a Tenax TA trap coupled to an UV–ion mobility spectrometer was 
used to determine aldehydes in olive oil. This combination improves two basic 
analytical properties (sensitivity and selectivity) of the headspace system coupled 
to the IMS equipment. This section presents and discusses the most salient results 
obtained with this technical combination. 
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3.1. Optimization of the DHS-TD-UV–IMS method  
An SIS where volatile compounds were first concentrated and then thermally 
desorbed (DHS-TD) was used to detect selected volatile aldehydes present in olive 
oil by UV–IMS. The most suitable adsorbent for retaining the aldehydes was 
identified in appropriate tests. The adsorbents most commonly used to trap volatile 
compounds from olive oil are Chromosorb, Tenax TA and Charcoal. We chose to 
use Tenax TA on the grounds of its good adsorption capacity for medium and high 
boiling compounds, its increased thermal stability relative to Chromosorb, poor 
affinity for water, easy cleaning procedures and potential recyclability [27].  
 Operational variables were adjusted for optimal sensitivity and selectivity 
in the determination of the selected aldehydes, namely: 3-methylbutanal, 2-butenal, 
pentanal and 2-hexenal. The optimization procedure involved using a mixture 
containing a 1 mg kg
–1
 concentration of each aldehyde in refined olive oil. The 
method was optimized for three steps of the analytical process, namely: sampling, 
adsorption of volatiles from olive oil into the adsorbent trap and thermal 
desorption. 
 Firstly, the variables affecting sampling were optimized and the 
thermoreactor temperature was found to be the most influential. Using too high 
temperatures could raise the levels of volatiles compounds or even cause the 
formation of new ones through thermal oxidation of the oil. A thermoreactor 
temperature of 50 ºC was therefore adopted to determine native volatile aldehydes 
in the oil. 
 The influence of the variables affecting the adsorption of volatile 
aldehydes in the trap was carefully studied. The first variable examined was the 
length of the Tenax TA column. For this purpose, two columns of different length 
(5 and 15 cm) were used of which the longer one was found to result in better 
selectivity. The effect of the temperature during the adsorption process was not 
studied; instead, the column was kept at 30 ºC as recommended by the 
manufacturer of the Tenax TA resin [28]. The influence of the adsorption time was 
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examined over the range 5–20 min. Adsorption of volatile compounds in the trap 
increased with time during the first 15 min, after which it leveled off, probably 
because the breakthrough volumes of the aldehydes in Tenax TA were reached (see 
Fig. 2). The effect of the adsorption flow-rate was studied over the range 100 to 
300 mL min
-1
. Peak height increased with increasing flow-rate up to 200 mL min
-1
, 
above which it remained virtually constant (see Fig. 3). The resulting optimum 
values were consistent with the recommendations of the Tenax TA trap 
manufacturer, based on the breakthrough volumes of the aldehydes [27]. 
 
 
 
 
 
 
 
 
Figure 2. Optimization of the adsorption time of volatile aldehydes in the Tenax column. 
 
 The variables affecting thermal desorption of the volatile aldehydes 
retained in the adsorbent trap were also examined. The desorption flow-rate was 
especially important because it was directly related with the rate of desorption of 
the volatile compounds from the trap and because these acted as sample gas in the 
ion mobility spectrometer. The influence of the desorption flow-rate was studied 
from 20 to 70 mL min
–1
. Although raising the flow-rate led resulted in faster 
desorption, it also diminished the selectivity and sensitivity above 30 mL min
–1
, 
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which was therefore adopted as the optimum value. The effect of the temperature 
ramp during the TD process was also studied. A low ramp reduced the sensitivity 
of the signals with no improvement in selectivity. A temperature ramp of 20 ºC 
min
–1 
was therefore chosen, the initial temperature (70 ºC) being raised to 200 ºC at 
that rate. Finally, the effect of the drift gas flow-rate was examined over the range 
30–90 mL min–1. The best signal was obtained at a ratio of 3/2 between the drift 
gas and sample gas flow-rates, so 50 mL min
–1 
was selected as the optimum value 
for the former. 
 
 
 
 
 
 
 
 
Figure 3. Optimization of the adsorption flow-rate of volatile compounds in 
the Tenax column. 
 
3.2. Thermal desorption of volatile aldehydes 
Pure compounds were used for identification of the analytes present in olive oil 
samples. For this purpose, known amounts of each aldehyde were injected into the 
analytical system, the desorption temperature monitored and the resulting spectra 
compared with those for the unknown compounds. As inferred from the results, 
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careful control of the TD temperature program may enable better separation of 
species by their volatility and confer additional selectivity on IMS.  
 The Tenax TA trap could in principle have been used to retain a wide 
range of aldehydes from ethanal through decanal; however, the UV lamp used 
could only ionize aldehydes with six or fewer carbon atoms. Also, ethanal was not 
adsorbed in Tenax TA owing to its low boiling point (20 ºC). Therefore, the 
specific aldehydes studied were propanal, 2-propenal, 2-butanal, 3-methylbutanal, 
pentanal, 2-pentenal, hexanal and 2-hexenal. Table 2 shows selected 
physicochemical properties of these compounds including boiling point, ionization 
potential and chemical structure. 
 
             Table 2. Physicochemical properties of the volatile aldehydes studied.  
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 Figure 4 is a topographic plot for a virgin olive oil sample and Figure 5 
shows the individual ion mobility spectra for the aldehydes. The desorption 
temperatures for the aldehydes in an olive oil sample desorbed from the Tenax TA 
trap were consistent with their boiling points; thus, the most volatile aldehydes 
were desorbed first. Propanal and 2-propenal were desorbed at the same 
temperature: 120 ºC. As can be seen in Figure 5, these aldehydes exhibited an 
identical ion mobility spectrum, which precluded their resolution with the proposed 
method. 3-Methylbutanal was desorbed at 158 ºC, 2-butenal at 162 ºC and pentanal 
at 166 ºC. Although the desorption temperature of 2-butenal was close to those for 
3-methylbutanal and pentanal, the ion mobility spectra for these compounds were 
rather different (see Figure 5). 2-Pentenal and hexanal were desorbed at 178 ºC and 
188 ºC respectively, but their ion mobility spectra were also very similar, so they 
could not be properly resolved. Finally, 2-hexenal was desorbed individually at 
198 ºC in one olive oil sample. In summary, 3-methylbutanal, 2-butenal, pentanal 
and 2-hexenal were the only aldehydes detectable on an individual basis and were 
thus chosen for quantitation with the proposed method. It should be noted that UV–
IMS by itself does not afford the identification of individual aldehydes in olive oil, 
but coupling a Tenax column to the UV–IMS equipment allowed four such 
aldehydes to be identified. 
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Figure 5. Ion mobility spectra for eight selected aldehydes at a concentration of 1 
mg kg
–1
 each dissolved in refined olive oil. 
 
3.3. Analytical features of the proposed method 
The proposed method was validated by assessing its precision, linear range, 
recovery, and limit of detection (LOD) and quantitation (LOQ) for each selected 
aldehyde (3-methylbutanal, 2-butenal, pentanal and 2-hexenal) in refined olive oil.  
 The precision of the method was assessed on a standard solution containing 
a 1 mg kg
–1
 concentration of each aldehyde. Repeatability was evaluated by 
analyzing 9 replicates over one day and reproducibility in 3 replicates over three 
consecutive days. The repeatability and reproducibility thus obtained, as relative 
standard deviation (RSD), are listed in Table 3 and testify to the good precision of 
the method (average 4.1% for repeatability and 6.9 % for reproducibility). 
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 Table 3 also shows the equations of the calibration curves, regression 
coefficient, linear range, LOD and LOQ for each aldehyde. LODs and LOQs were 
calculated as three and ten times, respectively, the standard deviation of the 
intercept of the calibration curve divided by its slope. As can be seen from Table 3, 
the volatile aldehydes containing a double bond had lower detection limits. This 
can be ascribed to aldehydes with a double bond in beta with respect to the 
carbonyl group providing stronger signals than the others by effect of their being 
more readily ionized by the UV lamp and having more ions reach the Faraday plate 
as a result. 
  
Table 3. Figures of merit of the proposed DHS-TD-UV–IMS method. 
 3-
Methylbutanal 
2-Butenal Pentanal 2-Hexenal 
Calibration equation 
(y = a + bx) 
a = 0.006 ± 0.004 
b = 0.048 ± 0.005 
a = 0.029 ± 0.003 
b = 0.68 ± 0.02 
a = 0.007 ± 0.004 
b = 0.050 ± 0.004 
a = 0.011 ± 0.002 
b = 0.188 ± 0.004 
R2  0.923 0.995 0.948 0.996 
Range lineal (mg kg–1)  0.9–20 0.05–10 0.8–20 0.09–20 
Repeatability (%) 2.9 6.4 3.8 3.5 
Reproducibility (%) 4.3 10.5 5.2 7.6 
LOQ (mg kg–1)  0.9 0.05 0.8 0.09 
LOD (mg kg–1)  0.3 0.01 0.2 0.03 
LOD* (mg kg–1) 10 1 10 1 
LOD*: limit of detection of each aldehyde in the absence of the Tenax trap 
 
 The improved selectivity obtained was accompanied by a substantially 
increased sensitivity resulting from the joint use of the Tenax column and UV–
IMS. As can be seen from Table 3, the signals for the aldehydes were increased 50 
times on average by effect of the use of the Tenax trap. Figure 6 shows the ion 
mobility spectra for a 10 mg L
–1
 standard of 2-hexenal as obtained by using the 
headspace system–UV–IMS combination and that obtained with the proposed 
DHS-TD-UV–IMS method. 
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 Finally, the standard addition method was used to calculate recoveries from 
solutions spiked with a 1 mg kg
–1
 concentration of each aldehyde; the recoveries 
fell within the range 114.8 % ± 35 % for 3-methylbutanal, 71.5 % ± 5 % for 2-
butenal, 104.2 % ± 21 % for pentanal and 102.3 % ± 30 % for 2-hexenal. These 
values testify to the enhanced capabilities of the UV–IMS–Tenax column 
combination for quantitative analysis. 
 
 
 
Figure 6. Ion mobility spectra for a 10 mg L
–1
 standard of 2-hexenal obtained in the 
presence and absence of a Tenax trap. 
 
3.4. Determination of aldehydes in olive oil samples  
A total of 27 samples of olive oil of different grades (viz. lampante, virgin and 
extra virgin) were analysed with the proposed method. The mean analyte 
concentrations as calculated from the heights of the strongest peaks, and their 
standard deviations, are shown in Table 4.  
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 A one-way analysis of variance (ANOVA) involving Tukey´s test revealed 
significant differences in each aldehyde between the virgin olive oil samples. 
Differences were considered statistically significant when the probability was 
greater than 95 % (p < 0.05). The ANOVA was performed by using the software 
SPSS v. 12.0, from SPSS, Inc. (Chicago, IL). The results are also shown in Table 
4. As can be seen, 2-hexenal allowed extra virgin olive oil to be discriminated from 
virgin and lampante oil. The 2-hexenal content peaked in extra virgin olive oil. At 
this point, it should be noted that the content in 2-hexenal can decrease after 
several months of storage; as a result, ―extra virgin‖ olive oil degrades to simply 
―virgin‖ olive oil. Therefore, as previously suggested by other authors [29, 30], this 
aldehyde might be useful towards assessing olive oil quality. Propanal and 2-
propenal were present in large amounts in lampante oil relative to virgin and extra 
virgin oil.  
 After this qualitative analysis, the standard addition method was used to 
quantify four aldehydes in an extra virgin olive oil samples. The analytes were 
quantified in triplicate and the mass fractions found to be 1.2 ± 0.3 mg kg
–1 
for 3-
methylbutanal, 0.067 ± 0.006 mg kg
–1 
for 2-butenal, 1.5 ± 0.5 mg kg
–1 
for pentanal 
and 1.9 ± 0.3 mg kg
–1 
for 2-hexenal. These concentrations are consistent with 
previously reported values for these compounds in olive oil [22]. As expected, 2-
hexenal was the aldehyde present at the highest concentrations in the samples. 
Hexanal is also usually present at high levels in olive oil; however, the proposed 
method does not allow 2-pentenal and hexanal to be selectively resolved, so neither 
analyte was quantified. In any case, the data for the mixture of 2-pentenal and 
hexanal in Table 4 can be assigned to hexanal mainly since the concentration of 2-
pentenal in olive oil is typically 20 times lower [22]. 
 These results testify to the capabilities of the proposed method for 
qualitative and quantitative analysis of selected aldehydes in olive oil. 
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Table 4. Mean peak heights, and their standard deviations, for volatile aldehydes present in 
27 olive oil samples analysed with the proposed DHS-TD-UV–IMS method.  
 Oil grade N 
Mean peak 
height
 
Standard 
deviation 
propanal+2-propenal lampante 8 0.10
a 
0.03 
 virgin 9 0.04
b 
0.03 
  extra virgin 10 0.04
b 
0.04 
3-methylbutanal lampante 8 0.10
a 
0.10 
 virgin 9 0.10
a 
0.04 
  extra virgin 10 0.10
a 
0.05 
2-butenal lampante 8 0.02
a 
0.02 
 virgin 9 0.01
a 
0.01 
  extra virgin 10 0.01
a 
0.01 
pentanal lampante 8 0.11
a 
0.05 
 virgin 9 0.2
ab 
0.1 
  extra virgin 10 0.2
b 
0.1 
2-pentenal+hexanal lampante 8 0.13
a 
0.08 
 virgin 9 0.07
a 
0.03 
  extra virgin 10 0.10
a 
0.05 
2-hexenal lampante 8 0.08
a 
0.04 
 virgin 9 0.13
a 
0.06 
  extra virgin 10 0.2
b 
0.1 
N: number of samples of the same grade 
Different letters in a column indicate significant differences (p < 0.05) as per Tukey´s test 
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4. Conclusions  
As shown here, a simple Tenax TA trap can be on-line coupled to IMS equipment 
in order to improve the sensitivity and selectivity of this vanguard technique. This 
methodology enables qualitative and quantitative analysis of selected volatile 
aldehydes from olive oil in different grades. Thus, it affords the detection of 
aldehydes containing 3 to 6 carbon atoms; however, only 3-methylbutanal, 2-
butenal, pentanal and 2-hexenal can be determined at concentrations above 0.05 
mg kg
–1
. Also, 2-hexenal could be used as a marker for assessing ―extra virgin‖ 
olive oil quality. 
 Although the selectivity achieved is low relative to other separation 
techniques, the proposed method requires no sample preparation. Therefore, it 
affords real-time analyses and produces no waste. Moreover, it is more simple, 
expeditious and cost-effective than existing DHS-TD-GC-MS alternatives. In fact, 
this classical approach has longer analysis times and the overall procedure is very 
expensive to implement relative to UV–IMS. This vanguard technique is in fact 
very easy to operate and, in contrast to GC–MS, requires virtually no equipment 
maintenance. 
 Coupling DHS-TD to UV–IMS improves the sensitivity and selectivity of 
UV–IMS technology to an extent facilitating the resolution of various analytical 
problems. Future advances in the design of an effective adsorbent trap for coupling 
to IMS equipment may provide a more expeditious and cost-effective alternative to 
the rapid determination of volatile compounds present in different types of 
matrices.  
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COLUMNA MULTICAPILAR-ESPECTROMETRÍA DE 
MOVILIDAD IÓNICA: UN SISTEMA DE SCREENING POTENCIAL 
PARA DIFERENCIAR ACEITES DE OLIVA VIRGEN 
 
De los resultados obtenidos en el primer trabajo de este Capítulo se concluyó que 
el espectrómetro de movilidad iónica con fuente de radiación de tritio y columna 
multicapilar antes del análisis de movilidad iónica resultó ser la combinación más 
apropiada para diferenciar aceites comerciales usando la IMS. En este trabajo se 
abordó finalmente un problema más ambicioso relacionado con la autentificación 
de aceites de oliva virgen. Los aceites de oliva vírgenes (aceite de oliva virgen 
extra, aceite de oliva virgen y aceite de oliva virgen lampante) presentan un perfil 
sensorial muy similar por lo que la diferenciación entre ellos, sobre todo entre el 
aceite de oliva virgen y el aceite de oliva virgen extra, es muy complicada. 
Actualmente, existe un gran interés en el sector oleico en desarrollar métodos 
analíticos que sean rápidos, simples y fiables capaces de diferenciar los tres tipos 
de aceites de oliva vírgenes en función de su calidad organoléptica. 
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MULTI-CAPILLARY COLUMN-ION MOBILITY SPECTROMETRY: A 
POTENTIAL SCREENING SYSTEM TO DIFFERENTIATE VIRGIN 
OLIVE OILS 
Rocío Garrido-Delgado, Lourdes Arce, Miguel Valcárcel 
Department of Analytical Chemistry. Institute of Fine Chemitry and Nanochemistry. Marie 
Curie Annex C3 Building. Campus of Rabanales. University of Cordoba. 14071 Cordoba 
(Spain) 
The potential of a headspace device coupled to multi-capillary column-ion mobility 
spectrometry has been studied as a screening system to differentiate virgin olive oils 
(―lampante,‖ ―virgin,‖ and  ―extra virgin‖ olive oil). The last two types are virgin olive 
oil samples of very similar characteristics, which were very difficult to distinguish with 
the existing analytical method. The procedure involves the direct introduction of the 
virgin olive oil sample into a vial, headspace generation, and automatic injection of the 
volatiles into a gas chromatograph-ion mobility spectrometer. The data obtained after 
the analysis by duplicate of 98 samples of three different categories of virgin olive oils, 
were preprocessed and submitted to a detailed chemometric treatment to classify the 
virgin olive oil samples according to their sensory quality. The same virgin olive oil 
samples were also analyzed by an expert‘s panel to establish their category and use 
these data as reference values to check the potential of this new screening system. This 
comparison confirms the potential of the results presented here. The model was able to 
classify 97 % of virgin olive oil samples in their corresponding group. Finally, the 
chemometric method was validated obtaining a percentage of prediction of 87 %. 
These results provide promising perspectives for the use of ion mobility spectrometry 
to differentiate virgin olive oil samples according to their quality instead of using the 
classical analytical procedure. 
Keywords: Headspace; Multi-capillary column; Ion mobility spectrometry; Virgin olive oil; 
Quality control. 
  
Análisis de aceites de oliva usando HS-IMS 
 - 239 -   
1. Introduction  
Virgin olive oil is the juice obtained by only mechanical methods, such as, 
washing, pressing, decantation, centrifugation, and filtration from the fruit Olea 
europea L. Based on the current European Union regulation [1], olive oils obtained 
directly from the fruit can be graded inside three quality categories named ―extra 
virgin‖ olive oil (EVOO), ―virgin olive‖ oil (VOO), and ―lampante‖ virgin olive oil 
(LVOO) according to three chemical parameters (free acidity, peroxide value, and 
absorbance UV) and a sensorial analysis. These designations affect their market 
prices (in May 2011, the price of EVOO was around 2 Euros/kg, VOO was around 
1.78 Euros/kg, and LVOO was around 1.65 Euros/kg), being very important to 
distinguish the LVOO from the other two types of oils because it cannot be 
consumed directly without a previous refining process.  
 The official method of analysis [1] used to demonstrate the quality of a 
virgin olive oil and the fraud control (see Fig. 1) need long times of analysis, high 
amount of sample, the use of reagents, qualified analyst, among other 
requirements. Moreover, the sensory analysis plays a crucial role in the 
classification of virgin olive oil. The official method for olive oil sensory analysis 
is carried out by trained assessors (panel test), a lengthy and costly procedure that 
cannot be afforded by small enterprises. Besides the panel test is not an error-free 
procedure since wrong classifications have been detected in international trials due 
to assessors‘ subjectivity [2]; furthermore, the correlations between sensory 
attributes and chemical composition have not been fully clarified yet [3]. 
 In the bibliography, there are some approaches to discriminate edible olive 
oils (EVOO and VOO) of non-edible olive oils (LVOO), which consist in applying 
multivariate analysis to composition data of virgin olive oils, currently obtained by 
using sensors such as metal-oxide sensors [2] and quartz crystal microbalance 
sensor arrays [4]. Other techniques used for this purpose were gas chromatography 
(GC) coupled to mass spectrometry (MS) [5] or MS directly coupled to headspace 
system [6]. Spectroscopic techniques are gaining popularity as they can facilitate 
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rapid analytical analysis [7]. After reviewing the literature, we only found an 
article in which the three types of virgin olive oil were classified according to their 
sensory category with 5–11% average prediction error using electrospray 
ionization coupled to MS [8]. 
 
 
 
Figure 1. Comparison of the different parameters analysed by the official method of 
analysis to determine the quality of olive oil and the new alternative based on the unique 
analysis of volatile organic compounds presented in olive oil samples by using the GC-
IMS. 
 
 Availability of new/additional analytical techniques as supporting tools for 
currently used methods may be helpful to improve virgin olive oil classification 
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and market management. The aim of this work was to demonstrate the potential of 
a new vanguard technology (gas chromatography–ion mobility spectrometry (GC-
IMS)) as a screening system to differentiate virgin olive oil categories according to 
their quality (two of them—EVOO and VOO—of very similar organoleptic 
characteristics) by analyzing volatile compounds responsible of aroma and flavor. 
The origin of the organoleptic characteristics in the olive oil is due to, especially in 
the case of smell and taste, the presence of volatile chemical compounds, which 
differs according to the fruit variety, growth region, the influence of 
environmental, agronomic, technological factors, etc. [9, 10]. Aldehydes and 
alcohols of six straight-chain carbons (C6) and their corresponding esters are the 
most important compounds in the aroma of virgin olive oil [11]. Some of these 
compounds were also identified with the optimized GC-IMS methodology. 
 All results presented by our research group related with olive oils ion 
mobility analysis [12, 13] establishing for the first time the potential of IMS in this 
agro-food field. In the first paper [12] related with this project, we presented a 
comparative study of the use of an IM spectrometer with an UV or radioactive 
source (Tritium). Tritium-IMS was coupled to a multi-capillary column (MCC) for 
adding a preseparation step before the ion mobility analysis with a view of 
developing a reliable method for classifying samples of edible olive oils (―extra 
virgin‖ olive oil, ―olive‖ oil, and ―pomace‖ olive oil). From the results of this 
work, we can conclude that a pre-separation step combined with a Tritium source 
is very convenient before ion mobility analysis. In a second work [13], the MCC 
was substituted by a Tenax TA trap which could also improve the selectivity and 
the sensitivity of the UV-IMS, but in this case, the separation of very similar olive 
oils was not possible. In this paper, we selected the best conditions derived from 
previous works to demonstrate the potential of this technique to avoid fraud in the 
labeling of EVOO by using an easy and rapid analytical method. The added value 
of this paper in regards to the others published on the same topic is to demonstrate 
that the proposed method could be used as a screening tool before applying the 
official analysis method. 
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2. Experimental 
2.1. Samples and reagents 
Ninety-eight olive oil samples from different categories (27 samples from LVOO, 
28 samples from VOO, and 43 samples from EVOO) were obtained from the 
Agrarian Laboratory of Junta de Andalucía placed in Córdoba (Spain) and an oil 
press from Córdoba (Spain) from the 2009–2010 and 2010–2011 olive harvest. All 
samples were analyzed according to EU Regulation 2568/91 [1] to establish their 
category. Samples were stored in opaque glass containers in the fridge at 4 °C until 
their analysis, to keep the organoleptic features of each category. The samples were 
analyzed by duplicate during four consecutive months (between November 2010 
and February 2011). 
 All compounds used in this work to perform the identification of volatile 
compounds present in the headspace of olive oil samples were supplied by Sigma-
Aldrich (St. Louis, MO, USA). 5,000 mg kg
−1
 stock solutions of each compound 
(3-methylbutanal, 2-butenal, pentanal, hexanal, 2-hexenal, 1-hexanol, 2-hexen-1-
ol, 3-hexenylacetate, and hexylacetate) were prepared by dissolving 0.01 g of each 
compound in 2 g of refined olive oil, and they were stored in the fridge at 4 °C. 
Refined olive was used as blank matrix, because it is a type of olive oil obtained 
after refining LVOO which maintains the chemical structure of olive oil but it has 
not any aroma or flavor [14]. 
 
2.2. Gas chromatograph-ion mobility spectrometer  
Analysis of virgin olive oil samples were made with GC-IMS instrument 
(FlavourSpec®) from Gesellschaft für analytische Sensorysteme mbH (G.A.S.), 
Dortmund (Germany). The device was equipped with a heated splitless injector, 
which enabled direct sampling of the headspace from the oil samples. For better 
reproducibility, the instrument was coupled to an automatic sampler unit (CTC-
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PAL, CTC Analytics AG, Zwingen, Switzerland). Figure 2 shows a scheme of this 
device. 
 
 
Figure 2. Set up of the GC-IMS (FlavourSpec
®
) and experimental conditions to analyze 
virgin olive oil samples. 
 
 For analysis, 1 g of sample was placed in a 20-mL vial that was closed 
with magnetic caps. After a 10-min incubation at 60 °C, 100 μL of sample 
headspace was automatically injected by a heated syringe (80 °C) into the heated 
injector (80 °C) of the GC-IMS equipment. After injection, the carrier gas passing 
through the injector inserted the sample into the MCC which is heated to 30 °C for 
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timely separation on a non-polar OV-5 MCC (20 cm long, consisting of approx. 
1,000 parallel glass capillaries, filled with 5% diphenyl and 95% 
dimethylpolysiloxane). Then, the analytes were eluted in an isothermal mode and 
driven into the ionization chamber for ionization prior detection by the IM 
spectrometer. The ionization of the molecules was made with a Tritium source (6.5 
keV). Subsequently the ions entered in the drift region through the shutter grid. 
The length of the drift tube was 6 cm and it was operated to a constant voltage 
supply of 350 Vcm
−1
 and a temperature of 60 °C. Data were acquired in the 
positive ion mode by the integrated computer within the equipment and displayed 
on it. Each spectrum was formed with the average of 32 scans, the grid pulse width 
at 100 μs, the repetition rate of 21 ms, and the sampling frequency at 150 kHz. 
Consecutively data were processed using the software LAV version 1.5.2 beta from 
G.A.S.  
 
2.3. Data analysis 
Chemometric processing of the ion mobility data was done with MATLAB (The 
Mathworks Inc., Natick, MA, USA, 2007) and PLS Toolbox 5.5 (Eigenvector 
Research, Inc., Manson, WA, USA).  
 Firstly, a preprocessing step previous to the multivariate analysis of the ion 
mobility data was performed to all virgin olive oil samples which constituted of a 
smoothing procedure using a Savitzky–Golay filter, a baseline correction, and a 
peak alignment procedure. Later, mean centering was applied to all data before the 
chemometric treatment. Additional details about the specific implementation of 
these preprocessing techniques will be given below.  
 As a first step, the principal component analysis (PCA) has been applied to 
reduce the dimensionality of the dataset retaining the maximum variability present 
in the original data and eliminating possible dependence between variables. In a 
second step, linear discriminant analysis (LDA) has been applied as a supervised 
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technique to find directions of maximum separation from a set of samples for 
which class membership is known in order to be able to predict the class 
membership of unknown samples. In addition, k-nearest neighbors (kNN) classifier 
was applied finding the closest three samples in the dataset to the unknown class 
and selecting the predominant class for it. Finally, to validate the chemometric 
method, a bootstrap validation was carried out to all samples set. Bootstrap 
validation allows resampling the dataset with replacement, to generate sets of 
observations that may be used for the estimation of statistic magnitudes as the 
performance of the model [15]. 
 
3. Results and discussion 
In this work, a vanguard technology has been proposed for the discrimination of 
different virgin olive oils samples according to their quality (EVOO, VOO, and 
LVOO). Nowadays, producers are claiming for rapid analytical methodologies to 
distinguish without any doubt between these categories of virgin olive oils in order 
to prevent fraud and on the other hand, consumers need to know if the high prices 
that they are paying for are justified as ―high value-added product‖ (EVOO). 
 Firstly, experimental variables of the GC-IMS device were optimized and 
afterwards a detailed chemometric study was performed with the data obtained of 
the analysis of each sample. Moreover, the identification of some volatile 
compounds present in the virgin olive oil samples analyzed has been carried out. 
 The optimized GC-IMS method could be used as a screening system and it 
could be an alternative to the official method of analysis. This new method can 
provide information about the quality of an olive oil in less than 15 min. It is a 
huge reduction of time comparing with the two working days needed to carry out a 
complete analysis for establishing the category of an olive oil sample. 
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3.1. Selection of experimental variables  
Although the same device was used in a previous work [12], the method was re-
optimized to discriminate between olive oil samples of very similar characteristics 
obtained directly from olive fruits. Therefore, the method was optimized in order to 
get enough analytical differences from the spectra of the three different categories 
of virgin olive oil samples analyzed in this work. Another aim of the optimization 
process was getting the maximum selectivity and sensitivity from volatile 
compounds present in the samples analyzed. The optimization process was 
performed using the three types of virgin olive oils (LVOO, VOO, and EVOO) 
mentioned before and observing the height of some representative peaks. The 
peaks selected to carry out the optimization process are marked with asterisks in 
Fig. 3. It shows also a topographic plot of a virgin olive oil in which different 
colors correspond to the volatile compounds extracted from the sample analyzed. A 
topographic plot combines information about MCC retention time in s, drift time in 
ms, and signal intensity in voltage (V).  
 The most important variables affecting to the optimization process were 
the following: incubation time, incubation temperature, injection volume, 
temperature of MCC and IM spectrometer and finally, carrier and drift gas flow.  
 Firstly, the variables affecting more the proliferation of analytes to the 
headspace of the vial were optimized. The incubation time was optimized between 
1 and 15 min. The height of the peaks was increased when incubation time was 
increased from 1 to 10 min. By using 10 min or more, any improvement in the 
height of the peaks was observed, probably since an equilibrium was reached at 
this time (using a vial of 20 mL). Therefore, 10 min was selected as the optimum 
incubation time. The incubation temperature was also optimized, taking into 
account the maximum temperature of the injector (80 °C) in order to avoid the 
condensation of volatile compounds in the injector, the best results were obtained 
at 60 °C. Injection volume was optimized since it affected the resolution of the  
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measurement. Increasing the injection volume, the resolution was then reduced. 
Therefore, 100 μL was chosen as optimum, since selecting this volume, a good 
ratio among selectivity/sensitivity was achieved. 
 The temperature of MCC and drift tube affected the retention time and ion 
mobility, respectively. Increasing the temperature of the MCC affected negatively 
as to the selectivity to the sensitivity of the measurement; 30 °C was chosen as an 
optimum temperature column because it was the lowest temperature that the MCC 
could easily reach. Moreover, a temperature higher than 70 °C could not be used 
due to the material limitations of the MCC [16]. The temperature of the drift tube 
was optimized between 40 and 80 °C. Increasing the temperature of the equipment, 
the ion mobility increases and ion appear to lower values of drift time. This effect 
is according to the equation of Mason and coworkers [17]. The best results were 
obtained at 60 °C.  
 Finally, the effect of the drift gas and the carrier gas was studied. 
Increasing the drift gas flow from 100 up to 500 mL min
−1
 was not observed with 
any decrease of the intensity of the peaks. Therefore, to carry out a fast cleaning of 
the drift tube between analysis of samples, 500 mL min
−1
 was chosen as optimum 
drift gas flow. On the other hand, the carrier gas flow affected the resolution and 
sensitivity of the signals. A detailed optimization was carried out between 10 and 
150 mL min
−1
. A loss of resolution was observed when the carrier gas flow was 
higher than 50 mL min
−1
, and a decrease in the height of the peaks was observed 
by using values higher than 30 mL min
−1
 due to the effect of dilution occurring in 
the ionization source. Therefore, 30 mL min
−1
 was finally chosen as an optimum 
carrier gas flow. 
 
3.2. Chemometric treatment 
Before chemometric treatment, the repeatability of the system was investigated by 
analyzing 12 independent aliquots of the same EVOO in the same day. The relative 
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standard deviation (RSD) of the height peak, drift time, and retention time were 
calculated by using some peaks present in the samples (see Fig. 3). In the same 
way, the reproducibility of the system was investigated by analyzing three 
independent aliquots of the same EVOO in three consecutive days. In addition to 
this study, the reproducibility of the system was investigated during a longer period 
of time (3 months) analyzing six replicates of the same EVOO sample using the 
optimized method every fortnight. The average RSD values found are summarized 
in Table 1. The results obtained show the good precision of the equipment but the 
deviations obtained for the reproducibility between months in the retention time 
must be taken into account to carry out the chemometric treatment. For this reason, 
an alignment process of the spectra is compulsory. 
 
      Table 1. Study of precision carried out using the proposed method. 
 Intensity Drift time Retention time 
Repeatability (% RSD) 4.1 % 0.03 % 0.7 % 
Reproducibility 
between days (% RSD) 
 
5.3 % 
 
0.3 % 
 
0.8 % 
Reproducibility 
between months (% RSD) 
 
7.8 % 
 
0.4 % 
 
1.8 % 
 
 Therefore, a preprocessing of ion mobility data obtained after analyzing 
three categories of virgin olive oil (during four different months) prior to their use 
of chemometric models is an important step in order to remove sources of variance 
which are not of interest [18]. Firstly, a smoothing Savitzky–Golay filter of order 2 
and a weight of 15 were used to improve the signal-to-noise ratio of all spectra of 
virgin olive oil samples. Later, the baseline from each spectrum was corrected 
subtracting the mean value of an empty area of peaks (between 0.3 and 5.5 ms), 
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common to all the original spectra of samples. Additionally, all spectra were 
aligned with a shift in x-axis and y-axis to a reference peak (reactant ion peak). The 
alignment is an important step before the chemometric treatment of the data due to 
small deviations in temperature of MCC and flow velocity possibly causing 
significant changes in retention time [19], also small deviations in temperature of 
drift tube produce changes in drift time. Therefore, the alignment process is an 
indispensable procedure to achieve a more precise identification of analytes and to 
avoid variability of ion mobility data when there is variation in the day in which 
the analysis are performed. Finally, all ion mobility data were mean centering. 
 In this work, after performing the preprocessing to the ion mobility data, 
the selection of different ranges from the ion mobility spectra or the selection of 
different peak height values (intensity) were studied (see strategies 1 to 3) to carry 
out the chemometric treatment to achieve the objective of this work. 
 
 3.2.1. Strategy 1 
Firstly, the values of intensity of 19 peaks that appeared along the spectra of ion 
mobility were selected to carry out the chemometric treatment. If the intensity of 
peaks is selected to perform the chemometric treatment, the alignment of the ion 
mobility data is not necessary. Therefore, the dataset consisted of 196 samples (98 
samples analyzed by duplicate) and 19 variables corresponding to 19 peaks 
selected which appear at different retention time of the virgin olive oil samples. As 
a first step, PCA was performed to the dataset in order to obtain a visualization of 
clustering of different class. The criterion used for selecting the number of 
principal components (PCs) was to collect more than 99 % of the total captured 
variance. Therefore, 12 PCs were selected which explain 99 % of the total variance 
but the samples were not separated in different clusters. Then, LDA was applied 
reducing the dimensionality of the dataset using the 12 PCs selected in the previous 
PCA model and, subsequently, a kNN classifier (k=3) was used to estimate the 
classification rate of the model being the percentage of samples correctly classified 
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of the 75 %. For increasing the classification, all peaks selected were directly used 
to apply the LDA since in this case, there are no dimensionality problems in the 
application of LDA. The percentage of classification obtained was of 85 %. 
Finally, the proposed model was validated using bootstrap validation procedure 
(B=100) on whole dataset. The prediction percentage obtained was 79 %. 
 
 3.2.2. Strategy 2 
To improve the results previously obtained, the spectrum regions in which the 
majority of the information of the analytes present in virgin olive oil samples 
appear were selected, i.e., the retention time region from 2.7 to 68.6 s (see Fig. 3), 
which correspond with 95 spectra, and the drift time range from 6.6 to 11.3 ms 
(703 variables) were selected to carry out the chemometric treatment. In this case, 
the spectra selected for each oil sample were arranged consecutively in rows [12]. 
The dataset obtained after selecting this area was 196 samples and 66,785 variables 
(95 spectra × 703 variables). As a first step, PCA was carried out to reduce the 
dimension of the dataset; 48 PCs were selected which collected 99 % of captured 
variance. LDA was applied reducing the dimensionality of the dataset using the 48 
PCs selected in the previous PCA model. Subsequently, a kNN classifier (k=3) was 
applied on the PCA-LDA procedure to obtain the percentage of samples correctly 
classified. The 97 % of the virgin olive oil samples were classified in their 
corresponding group. Finally, the proposed model was validated using bootstrap 
validation procedure being 87 % the prediction percentage obtained. These data 
demonstrate that better results can be obtained working with the information 
included in all spectra rather than selecting a number of peaks (as was carried out 
in strategy 1). Finally, in order to improve more these results the last strategy was 
studied. 
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 3.2.3. Strategy 3  
In this case, spectra which were non-informative, i.e., spectra which did not shown 
outstanding signals, were eliminated and only ion mobility spectra where the 
analytes appear were selected to carry out the chemometric treatment. The ranges 
of retention time selected were the following (see Fig. 4): 2.8–11.8 s, 13.2–18.7 s, 
22.9–27 s, 30.5–35.3 s, 38.8–61.7 s, 178.1–193.3 s, and 194.7–207.2 s, which 
correspond to 114 spectra. In this strategy, two new ranges (178.1–193.3 s and 
194.7–207.2 s) that were not previously included were in this case used for 
chemometric treatment. The drift time range selected was the same used in strategy 
2 (from 6.6 to 11.3 ms, 703 variables). The dimension of dataset was 196 samples 
and 80,142 variables. PCA was carried out to the dataset with the objective to 
reduce the dimensionality of the dataset previous to applying LDA; 49 PCs were 
selected because they captured 99 % of the variance. Subsequently, a kNN 
classifier (k=3) correctly classified 96 % of the virgin olive oil samples. Finally, 
the model was validated using bootstrap validation procedure having the prediction 
percentage of 87 %. Comparing these values with the one obtained previously, it 
can be concluded that the selection of some part of spectra did not result in any 
improvement of the results obtained with strategy 2. 
 The success of each classification and prediction obtained by applying 
each different strategy was expressed as sensitivity and specificity for each virgin 
olive oil category. In chemometric, sensitivity is defined as the percentage of 
samples of the dataset correctly classified and specificity is defined as the 
percentage of samples correctly classified that belong to a different class. Table 2 
summarizes the percentages of the sensitivity and specificity of classification and 
prediction for each class of virgin olive oil and for each one of the strategies 
applied in this work. 
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Figure 4. Topographic plot obtained from a virgin olive oil. Peak height/intensities are 
indicated by different colours (blue zero, green low, pink medium and white high). 
  
  
 From the results obtained in this work, we can conclude that it is better to 
select the full spectra than only select some peaks to carry out the classification of 
virgin olive oil samples. For this reason, strategy 2 was the most appropriate for the 
discrimination of each category of virgin olive oil according to their quality 
because the average percentage of classification and prediction is slightly higher 
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that when strategy 3 was used. With the strategy 2, only 3 % of the samples were 
misclassified and with the strategy 3, 4.1 % of the samples were misclassified. It is 
important to remark that depending on the initial objective, a strategy will be more 
appropriate than the other. If the objective of the classification is only to 
differentiate EVOO from the other categories, strategy 3 is better because although 
the percentages of sensitivity for strategies 2 and 3 are the same, observing the 
percentage of specificity (in term of classification) for the EVOO category, no 
sample of the other categories are misclassified as EVOO. On the other hand, if the 
aim of the classification is to discriminate between edible oils (EVOO and VOO) 
and non-edible oils (LVOO) strategy 2 is the most appropriate (see Table 2). 
  
Table 2. Sensitivity and specificity values of classification and prediction for each category 
of virgin olive oil analyzed. 
  Strategy
 
1
(a) 
Strategy 2
(b) 
Strategy 3
(c) 
 Class Sensitivity
* Specificity* Sensitivity* Specificity* Sensitivity* Specificity* 
Classification LVOO 88.9 % 95.1 % 96.2 % 99.3 % 96.3 % 97.2 % 
VOO 76.8 % 88.6 % 96.4 % 97.1 % 92.8 % 97.1 % 
EVOO 88.4 % 100 % 97.7 % 99.1 % 97.7 % 100  % 
Prediction LVOO 79.8 % 91.7 % 88.9 % 96.6 % 86.9 % 95.3 % 
VOO 65.8 % 89.4 % 79.8 % 91.0 % 80.9 % 92.1 % 
EVOO 87.3 % 86.9 % 91 % 93.0 % 90.5 % 94.9 % 
(a) Strategy 1. Dataset formed by 196 samples and 19 variables  
(b) Strategy 2: Dataset formed by 196 samples and 66785 variables 
(c) Strategy 3: Dataset formed by 196 samples and 80142 variables 
*Sensitivity= true positive / (true positive + false negative)*100 
*Specificity = true negative / (true negative + false positive)*100 
 
 In summary, the different strategies shown in this section allow to classify 
different types of virgin olive oil samples in three different groups in less time than 
the analytical procedure followed by the official method of analysis (see Fig. 1). 
This chemometric information will be more useful or powerful if any information 
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of the compounds responsible of this classification can be highlighted, for this 
reason in the next section we will identify some of the analytes which are 
responsible of the signals used for data treatment. 
 
3.3. Identification of volatiles compounds present in virgin olive oils using 
MCC-IMS 
Pure compounds prepared in refined olive oil have been individually analyzed by 
GC-IMS device to obtain reliable information about the characteristic MCC 
retention time and ion mobility which is related to ion mass, shape and charge of 
each compound with the aim of identifying them in the virgin olive oil samples 
analyzed in this work. Moreover, these compounds have been individually added to 
a virgin olive oil sample to improve the identification of the compounds in the real 
matrix. Figure 5 shows the single spectra for each one of the volatile compounds 
added to a virgin olive oil sample and the possible polymer ions or cluster ions of 
each analyte which were remarked with numbers. At this point, it is important to 
highlight that the formation of polymer ions could be observed for several 
compounds, depending on their particular concentrations and on further 
physicochemical properties that are not still completely understood or predictable. 
The formation of multimers has been specified to depend on physicochemical 
properties, the concentration of a compound and experimental design [16]. 3-
Methylbutanal, 2-butenal, pentanal, hexanal, 2-hexenal, 1-hexanol, 2-hexen-1-ol, 
3-hexenylacetate,  hexylacetate and nonanal were the compounds identified in the 
headspace of a virgin olive oil sample analyzed and their characteristics retention 
times and reduced ion mobilities (K0) are presented in Table 3. 
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Table 3. Some volatile compounds identified in virgin olive oils using GC-IMS. 
Volatile compounds  Retention time (s) Reduced ion mobility (Ko) 
  Peak 1 Peak 2 Peak 3 
a. 3-methylbutanal 6.9 1.65 1.48 1.44 
b. 2-butenal 9.0 1.73   
c. Pentanal 9.7 1.63   
d. Hexanal 25.6 1.67 1.54 1.34 
e. 2-hexenal 48.5 1.78 1.58 1.36 
f. 1-hexanol 54.7 1.61 1.34 1.29 
g. 2-hexen-1-ol 56.1 2.09 1.56 1.16 
h. 3-hexenylacetate 185.7 1.73 1.43 1.15 
i. Hexylacetate 200.3 1.52 1.37 1.10 
j. Nonanal 446.0 1.45 1.35  
 
 Finally, one-way analysis of variance (ANOVA) applying Tukey‘s test at a 
level of confidence of 95 %, was carried out using the height peaks from the 
identified compounds with a view to observe significant difference among the 98 
olive oil samples analyzed. ANOVA was performed using the SPSS 12.0 (Inc., 
Chicago, IL). Table 4 summarizes the results obtained from this analysis. As can 
be seen in this Table, the three categories of virgin olive oil are significantly 
different according their quality observing the hexanal and 2-hexenal content (see 
value of peak 1). The content of 2-hexenal is related with high quality oils (see 
value obtained by EVOO samples) while hexanal can be also an indicator of good 
quality olive oil but their content is also related with the oxidation of olive oils 
along with nonanal [20], although nonanal was not detected in the virgin olive oils 
analyzed. As can be seen in Table 4, LVOO samples present a higher content of 
hexanal (see value of peak 1) than the other categories. The results obtained with 
ANOVA are according with the results obtained in a previous work by using a 
Tenax trap coupled to UV-IMS device [13]. 
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Figure 5. Single spectra for each compound identified in a virgin olive oil: blue line 
corresponding to a virgin olive oil sample and green line corresponding to the same virgin olive 
oil sample spiked with each different analyte. (a) methylbutanal; (b) 2-butenal; (c) pentanal; (d) 
hexanal; (e) 2-hexenal; (f) 1-hexenol; (g) 2-hexen-1-ol; (h) 3-hexenylacetate; (i) hexylacetate. 
RIP: reactant ion peak. 
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Table 4. Analysis of variance (ANOVA) using peak height from volatile compounds 
identified in virgin olive oil samples. 
 Compounds Peak LVOO VOO EVOO 
3-methylbutanal 1 3.9 ±0.9
a 
3.9±0.8
a 
3.8±0.6
a 
2-butenal 1 0.56±0.06
a 
0.60±0.06
b 
0.60±0.09
b 
pentanal 1 1.1±0.5
a 
1.5±0.6
b 
1.2±0.4
a 
Unknown* 1 0.8±0.1
a 
0.7±0.2
a 
0.5±0.2
b 
 
2 0.6±0.3
a 
0.5±0.1
a,b 
0.5±0.2
b
 
 
3 0.8±0.3
a 
0.6±0.2
b 
0.5±0.3
c 
hexanal 1 0.8±0.2
a 
0.7±0.3
b 
0.6±0.2
c 
 
2 0.4±0.1
a,b 
0.3±0.1
a 
0.4±0.2
b 
 
3 0.8±0.7
a 
0.5±0.3
b 
0.5±0.3
b 
2-hexenal 1 0.4±0.2
a 
0.8±0.5
b 
1.6±0.9
c 
 
2 0.4±0.1
a 
0.7±0.6
b 
0.8±0.2
b 
1-hexanol 1 0.4±0.1
a 
0.5±0.1
b 
0.44±0.08
a 
2-hexen-1-ol 1 0.29±0.08
a 
0.34±0.06
b 
0.28±0.07
a 
3-hexenylacetate 1 0.09±0.04
a 
0.13±0.08
b 
0.14±0.05
b 
 
2 0.07±0.04
a 
0.10±0.05
b 
0.94±0.05
b 
 
3 0.02±0.01
a 
0.04±0.08
b 
0.03±0.04
b 
hexylacetate 1 0.04±0.02
a 
0.06±0.03
b 
0.06±0.04
b 
 
2 0.09±0.03
a,b 
0.1±0.03
b 
0.08±0.04
a 
Different letter in a column indicate significantly different using Tukey´s test at a significance level 
of 95 %.* Compound not identified 
 
4. Conclusion and outlook 
 A methodology based on the headspace coupled to GC-IMS for the 
discrimination of different categories of virgin olive oils is presented as an 
adequate alternative to the traditional techniques for olive oil quality control (with 
a 97 % of classification and an 87 % of prediction achieved). Among other 
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advantages, it can be highlighted that GC-IMS does not require individual 
information about each volatile organic compound presented in the virgin olive oil 
samples analyzed to achieve a correct classification of the samples. Although, 
some compounds responsible of flavor and odor of the virgin olive oil were 
identified using the same methodology. The total analysis time is reduced and 
neither sample treatment nor solvents are needed. 
 The use of an instrumental method, such as GC-IMS, for olive oil samples 
classification is more reliable than the ―expert‘s panel‖ if the resulting model is 
correctly trained. In any case, it can reduce the number of samples to be analyzed 
by the official methods, being used GC-IMS as a vanguard analytical strategy. 
 Finally, we would like to emphasize the high variability of the samples 
used to perform this work since homogeneity between each group was not sought. 
The samples included in each category were obtained from different origins. The 
different geographic areas from which the olive oil were sampling involves the use 
of different varieties of olives for oil production and the influence of 
environmental, agronomic, and technological factors, among others. Therefore, if 
this method was calibrated using groups of samples from the same denomination of 
origin, a reduction of the variability between samples would be found and the 
results could be improved. 
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Este Capítulo ofrece una visión general de los resultados más relevantes derivados 
de esta Memoria dentro de los objetivos marcados en la misma. Para ello, se 
abordarán con detalle los aspectos relacionados con los distintos SISs acoplados al 
equipo de IMS usado y los diferentes analitos y muestras analizadas. A 
continuación se destacarán los parámetros más relevantes de validación de las 
metodologías desarrolladas y del tratamiento quimiométrico de los datos. 
Finalmente, se discutirán las ventajas e inconvenientes de las metodologías 
propuestas para presentarlas como alternativas a alguno de los métodos existentes 
en los laboratorios de análisis de rutina. 
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SISTEMAS DE INTRODUCCIÓN DE MUESTRA ACOPLADOS A 
LA ESPECTROMETRÍA DE MOVILIDAD IÓNICA 
 
El espectrómetro de movilidad iónica usado al comienzo de esta Tesis Doctoral es 
una ―caja cerrada‖ con un orificio de entrada de muestra, otro de salida y otro para 
la entrada del gas de deriva. Por el diseño particular de este equipo, el primer reto a 
abordar en este trabajo de investigación consistió en diseñar SISs para realizar el 
análisis de los compuestos gaseosos presentes en muestras de distinta naturaleza. 
En un primer trabajo se revisaron los distintos SISs que se habían acoplado por 
otros grupos de investigación a diferentes espectrómetros de movilidad iónica. 
  Una vez revisados los SISs que había en la bibliografía, nos marcamos el 
objetivo de que los SISs diseñados en este trabajo debían de extraer de forma 
rápida y efectiva los compuestos gaseosos de la matriz de la muestra e introducirlos 
de forma on-line a nuestro equipo teniendo siempre presente el objetivo principal 
de esta Tesis Doctoral: demostrar el uso potencial de la IMS en los laboratorios 
de análisis de rutina. Además, los SISs diseñados en esta Tesis Doctoral no 
debían afectar a las principales ventajas de los espectrómetros de movilidad iónica: 
rapidez, fácil manejo y bajo coste, entre otras. 
  
1. Sistema de introducción de muestra “home-made” 
1.1.  Sistemas de espacio de cabeza estático 
El primer SIS diseñado en esta Memoria se basó en el acoplamiento de un sistema 
de espacio de cabeza de forma on-line al equipo de movilidad iónica. El sistema 
consistió en un vial cerrado herméticamente en el que se introdujo la muestra a la 
que no se sometió a ningún tratamiento previo, solo el simple calentamiento del 
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vial de muestra, con el fin de producir la liberación de los compuestos gaseosos al 
espacio de cabeza. 
 Este sistema se empleó para el screening de acetona en muestras de orina y 
para la clasificación de muestras de aceite de oliva de acuerdo a su calidad usando 
en ambos casos el equipo UV-IMS. 
 El sistema de espacio de cabeza permite mantener en equilibrio a los 
compuestos gaseosos entre la fase líquida o sólida y la fase gas. La temperatura 
más adecuada para llevar a cabo la creación del espacio de cabeza depende de las 
características físicas del analito, es decir, de la temperatura de ebullición o de la 
presión de vapor.   
 La adición de sal para aumentar la fuerza iónica de las muestras y así la 
volatilidad de los compuestos de la matriz de la muestra, fue un parámetro que se 
estudió en uno de los trabajos experimentales de esta Memoria (determinación de 
acetona en orina), pero no se observó incremento de la volatilidad de la acetona 
debido a la alta cantidad de sales presentes en la composición de la orina. Este 
aspecto no se estudió en el trabajo de aceites debido a la naturaleza apolar de estas 
muestras.  
 La principal desventaja que presentó este sistema estaba relacionada con la 
pequeña condensación que se apreció en los tubos de teflón que conducen los 
compuestos volátiles hacia el equipo de movilidad iónica. Este problema se intentó 
evitar termostatizando todo el SIS dentro de un horno (ver Figura 1B de la página 
107). En la Figura 1 de este Capítulo, se muestran los resultados obtenidos al 
analizar la misma muestra de orina usando ambos dispositivos experimentales. 
Como se puede observar, existe una disminución de la sensibilidad cuando se 
introdujo el SIS en el interior del horno y además la señal correspondiente a la 
acetona (19 ms) no aparece. Este efecto se podría deber a la brusca diferencia de 
temperatura entre el SIS (80 ºC) y el equipo de IMS (temperatura ambiente) por lo 
que la condensación de la muestra se podría producir a la entrada del equipo justo 
antes de la fuente de ionización. Por lo tanto, para los trabajos experimentales 
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realizados en esta Memoria se optó por el SIS en el que solo se termostatizó el vial 
de muestra y los restantes componentes del SIS se mantuvieron a temperatura 
ambiente. Una posible solución para evitar la condensación observada en el tubo de 
teflón (en el caso de utilizar matrices acuosas) podría ser calentar el gas de arrastre. 
 
 
Figura 1. Determinación de acetona en orina usando dos SIS distintos. (A) Con 
termostatización completa del sistema. (B) Calentando solo el vial de muestra.   
  
 En base a los resultados obtenidos en esta Memoria se pueden destacar las 
siguientes ventajas de este SIS basado en la creación de un espacio de cabeza: 
simple, no requiere tratamiento de muestra más que el simple calentamiento del 
vial (de esta forma, se elimina los interferentes no volátiles) y muy versátil ya que 
se puede usar para una gran variedad de aplicaciones, especialmente para muestras 
no acuosas.  
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1.2. Sistema de membrana-microcámara 
El siguiente SIS usado en uno de los trabajos de esta Memoria se diseñó con el fin 
de reducir al mínimo el espacio de cabeza y poder insertar una membrana para 
evitar problemas de humedad en el equipo de IMS.  
 El potencial de este SIS se demostró estudiando la descomposición de 
muestras de pescado. Este sistema no requirió más tratamiento de muestra que la 
homogenización de la muestra de pescado, la adición de NaOH para aumentar la 
volatilidad de las aminas y el calentamiento del sistema (ver Figura 1 de la página 
127). 
 Los resultados obtenidos con este nuevo SIS se compararon con los 
obtenidos usando  un frasco volumétrico de 100 mL en el cual se introdujo un vial 
de 1.5 mL con la muestra y tapado con la membrana de PTFE y se sometió al 
mismo tratamiento que al sistema de membrana incluido en la microcámara. Los 
datos resultantes mostraron una mayor sensibilidad para el sistema propuesto. Esto 
es debido a que si se fija un mismo tiempo de equilibrio para ambos sistemas, en la 
microcámara, al presentar un menor volumen de espacio de cabeza (70 L), los 
volátiles se encuentran más concentrados que en el frasco. Además se observó una 
mayor reproducibilidad de las medidas al usar el sistema de la microcámara debido 
a las menores fluctuaciones en el flujo de gas de muestra al pasar por la 
microcámara y arrastrar los compuestos volátiles hacia el equipo de IMS. 
  
1.3. Sistema de inyección en flujo 
El último SIS ―home-made‖ usado en esta Memoria permitió acoplar un sistema de 
inyección de flujo a la IMS. Esto se ha hecho gracias a un separador gas-líquido. 
Este sistema permite automatizar por completo el análisis de muestras líquidas 
usando la IMS. En esta Memoria, este FI-GPS-UV-IMS se ha usado para clasificar 
cuatro grupos de vinos monovarietales según su origen. 
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 Este sistema de introducción de muestra presentó la limitación de que no se 
pudo utilizar un flujo de gas de arrastre de muestra del mismo orden que en los 
trabajos anteriores (90-100 mL min
-1
) debido a que un flujo de nitrógeno alto hace 
burbujear la muestra (vino) hacia el interior del equipo. Para evitar este problema, 
se usó un caudal de 20 mL min
-1
 ya que es el caudal de arrastre de muestra máximo 
que es posible usar sin que tengamos este inconveniente.  
 
 
2. Comparación de los sistemas de introducción de muestra “home-
made”. 
Los tres SISs ―home-made‖ usados en esta Memoria se han comparado entre ellos 
usando la trimetilamina como analito común. Las condiciones experimentales 
usadas para cada SIS fueron las optimizadas para cada trabajo excepto la 
temperatura y tiempo de calentamiento que se fijaron las mismas para los tres 
dispositivos. La Tabla 1 resume las condiciones experimentales usadas con cada 
SIS. 
 
Tabla 1. Resumen de las condiciones experimentales de los tres sistema de introducción de 
muestra.  
Parámetros Sistema de 
espacio de cabeza 
(vial 10 mL) 
Sistema de 
membrana en 
microcámara 
Sistema de inyección 
en flujo-separador 
gas-líquido 
Gas de muestra 90 mL/min 100 mL/min 20 mL/min 
Gas de deriva 140 mL/min 150 mL/min 70 mL/min 
Temperatura de 
calentamiento 
80 ºC 80 ºC 80 ºC 
Cantidad de muestra 100 L 200 L 3.5 mL (0.7 mL/min) 
Tiempo de 
calentamiento 
5 min 5 min 5 min 
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 Para realizar el estudio comparativo se preparó una disolución acuosa de 
30 mg L
-1 
de trimetilamina. La Figura 2 muestra que la mejor sensibilidad se 
obtuvo con el sistema de inyección de flujo acoplado al separador gas-líquido. Este 
sistema separa fácilmente y de forma eficaz los componentes volátiles de la matriz 
de la muestra. Además se observa que el sistema de membrana-microcámara 
mostró mayor sensibilidad que el sistema de espacio de cabeza. Esto es debido a la 
eliminación de la humedad con la membrana utilizada. 
 
 
 
 
 
 
 
Figura 2. Comparación de los tres SISs usando la trimetilamina (30 mg/L) 
como analito modelo. 
 
 
 Otros factores que se estudiaron fueron el uso de diferentes volúmenes de 
espacio de cabeza y el empleo de  membrana. Para poder comparar los diferentes 
sistemas, se depositó una cantidad fija de muestra en viales con o sin membrana. 
Para ello se prepararon cuatro sistemas de diferente volumen de espacio de cabeza 
cubriendo un intervalo desde 1000 mL hasta 70 L (ver Figura 3). En los dos 
primeros (A y B) se introdujo la muestra directamente en un vial, estudiando la 
influencia que tenía la señal obtenida en IMS al utilizar distintos volúmenes (1000 
o 10 mL). En el sistema C, para evitar los posibles problemas de entrada de 
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humedad en el equipo al usar viales de 10 mL se introdujo la muestra en un vial de 
1.5 mL tapando este con una membrana. Finalmente, se compararon estas tres 
alternativas con el sistema de microcámara.  La Figura 4 muestra los resultados 
obtenidos para un estándar de 30 mg L
-1 
de trimetilamina. Como se puede observar, 
al aumentar el volumen de espacio de cabeza disminuye la sensibilidad. Además se 
puede observar que los sistemas con membrana presentaron una mayor 
sensibilidad.  
 
 
Figura 3. Diferentes sistemas de espacio de cabeza. A: frasco de 1 L; B: vial de 10 mL; C: 
vial de 10 mL con membrana de PTFE sobre vial de 1.5 mL; D: vial de 1.5 mL en 
microcámara (70 L de espacio de cabeza) con membrana de PTFE. 
 
 Dependiendo del problema analítico planteado, la elección de un sistema u 
otro estará influenciado por las características del analito, de su concentración y del 
estado de agregación de la muestra ya que aunque el sistema del separador gas-
líquido presentó una mayor sensibilidad que los otros SISs propuestos, éste no 
permite analizar directamente muestras sólidas. También es importante mencionar 
que si el analito está a alta concentración sería necesario el empleo de sistemas de 
volúmenes elevados de espacio de cabeza para realizar la dilución del analito para 
evitar la saturación del equipo que podría producir problemas graves de 
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contaminación del tubo de deriva. Por otro lado, si la muestra presenta una matriz 
acuosa es recomendable usar  sistemas de membrana con el fin de evitar la entrada 
de humedad dentro del espectrómetro de movilidad iónica que pueda interferir en 
las medidas. 
 
 
Figura 4. Comparación de los sistemas de espacio de cabeza con y sin 
membrana usando trimetilamina (30 mg L
-1
) como analito modelo. 
  
  
2.1. Comparación de las señales obtenidas en los espectros 
Tanto en el sistema de espacio de cabeza como en el sistema de membrana, la 
inyección de las muestras dentro del espectrómetro de movilidad iónica se 
caracteriza por un máximo de la señal al comienzo de los espectros justo después 
de girar las válvulas de selección seguido de una caída brusca y finalmente, la señal 
desaparece casi en su totalidad  (ver determinación de acetona, Figura 2 de la 
página 112) o se mantiene constante a lo largo de los espectros (ver determinación 
de aminas, Figura 4 de la página 135). Este tipo de espectros se obtiene ya que al 
comienzo de la medida la corriente de nitrógeno arrastra  un  mayor número de 
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moléculas gaseosas debido a que estas se encuentran concentradas en el espacio de 
cabeza creado por lo que la señal es máxima al principio de la medida. La medida 
de la señal para realizar la cuantificación de los analitos seleccionados se mide en 
el punto donde la señal es máxima. 
 En el sistema de inyección de flujo-separador gas-líquido, se obtuvo un 
mapa topográfico de espectros diferentes a los dos casos anteriores. En este caso no 
se obtuvo señal justo al comienzo de la medida. La señal en el espectro empezó a 
obtenerse a partir del espectro número 15 y la intensidad de la señal se incrementó 
un poco hasta hacerse constante en los espectros finales (ver Figura 2 de la página 
153). Esto se debió principalmente, a la disminución del caudal de arrastre de la 
muestra y la mayor longitud del tubo de teflón que fue necesario para poder 
acoplar correctamente este SIS con el equipo de IMS. 
 
 
3. Sistemas de introducción de muestras de espacio de cabeza acoplados 
a columnas de separación 
El desarrollo de técnicas sensibles y selectivas con detección a niveles traza e 
identificación inequívoca de analitos es de interés en Química Analítica. En esta 
Tesis Doctoral para mejorar estas dos propiedades básicas en la IMS se han 
empleado dos sistemas de separación antes de realizar la medida de movilidad 
iónica. A continuación se discuten estos SISs. 
 
3.1. Sistema de espacio de cabeza dinámico y desorción térmica 
Como ya se ha comentado a lo largo de esta Memoria, la IMS presenta baja 
selectividad debido a las reacciones ion-molécula que ocurren en la cámara de 
ionización a presión atmosférica. Para evitar esta problemática, en uno de los 
trabajos de esta Memoria, se acopló un sistema de espacio de cabeza a una trampa 
Tenax TA. Esta columna es capaz de retener los compuestos volátiles de una 
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muestra y después desorberlos con una rampa de temperatura, gracias al uso de un 
horno cromatográfico, obteniendo la separación de los analitos de la muestra en 
función de la temperatura de desorción. Este acoplamiento se realizó con éxito 
gracias a la ventaja que presenta la IMS de poder realizar la monitorización de los 
analitos desorbidos a tiempo real. 
 Para extraer los compuestos volátiles de una muestra, el sistema de espacio 
de cabeza hay que calentarlo a una alta temperatura para obtener una adecuada 
sensibilidad. Sin embargo, la adsorción de los analitos extraídos de la muestra en la 
columna Tenax TA se realiza a una temperatura más baja y así se preconcentran 
los analitos en la trampa durante un tiempo adecuado. Con este acoplamiento se ha 
mejorado unas diez veces la sensibilidad de la IMS (ver Figura 6 de la página 229). 
 Una ventaja del uso combinado de la desorción térmica y la IMS está 
relacionada con la eliminación de la trampa criogénica que es necesaria en GC 
antes de la inyección de los compuestos volátiles en el cromatógrafo de gases.  
 Este sistema se ha usado para la determinación selectiva de aldehídos que 
forman parte de la composición volátil del aceite de oliva. Debido a su robustez, el 
potencial de este SIS es bastante amplio para resolver otros problemas analíticos 
como, por ejemplo, la adsorción de los compuestos volátiles presentes en aire.  
 
3.2. Sistema de espacio de cabeza acoplado a una columna multicapilar 
Para aumentar la sensibilidad y selectividad de la IMS también se ha usado un 
sistema de espacio de cabeza el cual permite inyectar de forma automática los 
compuestos volátiles a una columna multicapilar acoplada a un equipo IMS. Las 
columnas multicapilares ofrecen mayor sensibilidad que las columnas 
cromatográficas habituales debido a la alta cantidad de capilares individuales (1000 
capilares) que las componen (ver Figura 6 de la página 24). Además la selectividad 
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de la IMS aumenta enormemente debido a la distinta elución de los analitos de la 
columna multicapilar de forma isotérmica.  
 La robustez de este sistema ya ha sido demostrada por otros autores 
especialmente en el ámbito clínico (determinación de compuestos volátiles del 
aliento, ―breath analysis”). En esta Memoria, este sistema se ha usado para 
clasificar diferentes tipos de muestras de aceite de oliva según su calidad sensorial 
y se ha comparado con el sistema de espacio de cabeza estático (presentado en el 
Capítulo IV) obteniéndose mejores resultados con este equipo comercial. 
 Este equipo comercial, GC-IMS, ha permitido obtener una buena 
sensibilidad usando una temperatura más baja para extraer los analitos del aceite de 
oliva y una buena selectividad gracias al empleo de la columna multicapilar previo 
al análisis por movilidad iónica. Además debido al empleo de un automuestreador, 
evita las irreproducibilidades debidas a la manipulación de las muestras por parte 
del operador. También es importante destacar que este equipo permite controlar de 
forma automática los flujos de gas de muestra y de deriva y las temperaturas del 
tubo de deriva y de la columna multicapilar por lo que todo esto lo hacen más 
robusto. Los aspectos negativos que presenta este equipo frente al equipo UV-IMS 
son su elevado coste de adquisición y menor versatilidad. 
 
 
GASES DE DERIVA Y DE MUESTRA 
 
Los espectrómetros de movilidad iónica pueden usar diferentes tipos de gases 
como gases de deriva y de entrada de muestra, tales como, aire, nitrógeno o helio. 
En los trabajos experimentales de esta Memoria se ha usado nitrógeno de alta 
calidad tanto de gas de deriva como de arrastre. El inconveniente de usar aire como 
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gas es que el oxígeno absorbe la radiación ultravioleta por lo que la sensibilidad 
disminuye en los equipos que utilizan fuentes de ionización UV. En los equipos 
con fuente radiactiva, el aire también es un inconveniente en polaridad negativa, 
debido a la ionización del oxígeno formando el ion reactante. En este tipo de 
equipos el nitrógeno también se ioniza por las fuentes radiactivas, por lo que el uso 
de un gas inerte sería lo más adecuado.  El helio es un gas mucho más inerte que el 
nitrógeno pero es un gas costoso, por lo tanto, se usó como gas nitrógeno en todos 
los trabajos. 
 También hay que mencionar que la relación entre el gas de deriva y el gas 
de arrastre en el equipo UV-IMS ha sido 3/2 en la mayoría de los casos siendo 
siempre el gas de deriva superior al gas de arrastre. En cambio en el equipo GC-
IMS, no se cumplió esta relación debido a que el aumento del gas de deriva no 
mostró diferencias significativas en las señales obtenidas por lo que se mantuvo 
alto para realizar de forma rápida la limpieza del tubo de deriva. En cambio, el 
aumento del gas de arrastre, mostró una disminución de la selectividad.  
 
 
ANALITOS Y MUESTRAS ANALIZADAS  
 
Uno de los principales objetivos de esta Memoria ha sido estudiar las 
características de distintos SIS acoplados a la IMS, por lo que, la primera parte de 
este Capítulo se ha dedicado a discutir cada uno de ellos. En este apartado se 
resumen las muestras analizadas con estos SISs así como los analitos 
determinados. En todos los casos se ha seleccionado un problema real para estudiar 
si la IMS era una alternativa a las técnicas existentes o en algún caso para dar 
respuesta a algún problema todavía sin resolver.  
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 El primer trabajo experimental del Capítulo III, se dedicó a la 
determinación de acetona en muestras de orina humana y de vaca. El estudio de la 
determinación de la acetona en este tipo de muestras tiene más interés desde el 
punto de vista veterinario que desde el punto de vista humano. La acetona se 
caracteriza por ser un compuesto muy volátil por lo que resulta muy fácil su 
análisis por movilidad iónica. Para tener la certeza de que la señal correspondiente 
a aproximadamente 19 ms correspondía a la acetona se calculó su constante de 
movilidad reducida. Así se puede comparar el valor de la constante calculada (Ko 
acetona: 1.75 ± 0.04 cm
2 
V
-1
 s
-1
) con la obtenida en otros trabajos de la bibliografía en 
condiciones normales (Ko acetona: 1.74 ± 0.03 cm
2 
V
-1
 s
-1
), confirmando que el pico 
obtenido pertenecía a la acetona. Este sistema sirve para realizar tanto análisis 
cualitativo como cuantitativo, permitiendo tomar decisiones al veterinario cuando 
el valor de acetona presente en la orina de una vaca supere un límite (fijado a 
priori). 
 En el segundo trabajo experimental del Capítulo III, se determinaron 
aminas volátiles para controlar el nivel descomposición de muestras de pescado. 
Las aminas estudiadas, trimetilamina, dimetilamina y amoníaco, presentaron un 
perfil muy similar de movilidad iónica. La trimetilamina presentó una mayor señal 
que las otras aminas al mismo nivel de concentración debido a su más baja energía 
de ionización con respecto a las otras aminas analizadas. Por tanto, la trimetilamina 
(7.85 eV) se ionizó en mayor medida que la dimetilamina (8.75 eV) o el amoníaco 
(10.07 eV). La Figura 5 muestra el perfil de movilidad iónica que presentó cada 
una de estas aminas a una misma concentración. Aunque el sistem optimizado no 
permitió identificar que tipo de aminas estaba presente en una muestra de pescado, 
la señal global obtenida fue muy útil para controlar la frescura de un pescado. Este 
sistema podría ser muy útil en la industria pesquera para poder determinar hasta 
que día se puede conservar en cámaras frigoríficas una partida de pescado.  
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Figura 5. Perfil de las aminas volátiles a 30 mg L
-1
. 
  
 El principal objetivo del último trabajo del Capítulo III, no fue realizar la 
determinación de ningún compuesto específico sino que se utilizó el perfil de 
volátiles de muestras de vino para clasificarlos según su origen debido a que hay 
un importante interés por los consumidores por conocer el origen geográfico de los 
productos alimenticios de alta calidad. Es importante mencionar el diferente 
contenido alcohólico que presentaron las muestras de vinos. Los vinos de Jerez y 
Montilla-Moriles presentaron entre 15-23 % de alcohol, mientras que los vinos de 
Condado de Huelva y Valdepeñas presentaron un contenido alcohólico entre 9-14.5 
%. De esta forma, las diferencias en cuanto al origen se debieron tanto al contenido 
alcohólico como a los compuestos volátiles característicos de cada Denominación 
de Origen. Las mismas muestras se analizaron también por GC y se estudiaron los 
posibles compuestos volátiles de los presentes en las muestras de vino que se 
podían detectar por IMS. De esta forma, solo el acetaldehído, acetato de metilo y 
acetato de etilo pudieron ser detectados por UV-IMS, ya que otros compuestos 
volátiles o presentan una energía de ionización más alta de la que la lámpara UV 
puede proporcionar (metanol, 2-metil-1-butanol, 3-metil-1-butanol y acetoína) o 
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presentan una alta temperatura de ebullición y una baja presión de vapor (2-
butanol, 1-propanol, isobutanol, 1-butanol). Para corroborar este hecho, las señales 
del acetaldehído, acetato de metilo y acetato de etilos obtenidas por GC fueron 
comparadas con el perfil de volátiles obtenido por IMS mediante regresión por 
mínimos cuadrados parciales obteniéndose una regresión aceptable (coeficiente de 
correlación obtenido 0.86). 
 El Capítulo IV de esta Memoria se ha dedicado al uso de sistemas de 
espacio de cabeza en los que se han incluido diferentes dispositivos para aumentar 
la sensibilidad y la selectividad en la IMS. Uno de los objetivos de este Capítulo ha 
sido demostrar la calidad de un aceite de oliva usando la tecnología de 
movilidad iónica: problema de máxima importancia en la industria 
agroalimentaria.  
 Los primeros estudios realizados se enfocaron en la obtención de un perfil 
de compuestos volátiles o huella dactilar de diferentes tipos de aceites ampliamente 
disponible en los supermercados. Una vez realizados los estudios de clasificación 
de distintas muestras de aceite se demostró el potencial de la IMS para identificar 
algunos de los compuestos presentes en el aceite. Estas identificaciones han sido 
posibles gracias al uso de la columna multicapilar y de una columna Tenax TA 
previo al análisis de movilidad iónica. 
 La composición volátil de un aceite de oliva está formada principalmente 
por compuestos de seis átomos de carbono tales como aldehídos, alcoholes y 
ésteres los cuales completan prácticamente la composición volátil de los aceites de 
oliva (80 %). 
 Usando la columna Tenax TA se determinó un grupo de compuestos 
presentes en el aceite de oliva: aldehídos volátiles. Los aldehídos que se analizaron 
fueron desde tres hasta seis átomos de carbono ya que la trampa de Tenax TA no 
pudo retener aldehídos de menor número de carbonos debido a su bajo punto de 
ebullición (acetaldehído, 20.1 ºC) y tampoco se pudo trabajar con aldehídos 
superiores a seis átomos de carbono debido a que la lámpara UV no tiene energía 
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suficiente para poder ionizarlos. En este trabajo se observó una señal muy intensa 
de los aldehídos que poseían doble enlace en la posición beta con respecto al grupo 
carbonilo. En este caso se estudiaron sus energías de ionización y no se observó 
una relación entre la señal obtenida y sus potenciales de ionización como fue el 
caso de las aminas volátiles. La mayor señal obtenida para los aldehídos con doble 
enlace puede ser debido principalmente a una mayor estabilidad de los iones 
procedentes de los aldehídos insaturados en el tubo de deriva, por lo tanto, más 
iones son detectados. 
 Usando la columna multicapilar se determinaron un mayor número de 
compuestos volátiles de diferentes familias que con la columna de Tenax TA: 
alcoholes (1-hexanol y 2-hexen-1-ol), ésteres (acetato de 3-hexenilo y acetato de 
hexilo) y aldehídos (3-metilbutanal, 2-butanal, pentanal, hexanal, 2-hexenal y 
nonanal).  
 Es importante destacar en este apartado el elevado número de muestras 
reales que se han analizado en cada uno de los trabajos experimentales recogidos 
en esta Memoria. Esto ayuda a enfatizar el uso potencial de esta técnica de 
vanguardia en los laboratorios de análisis de rutina. Debido a la rapidez del análisis 
empleando la IMS, se pueden analizar un elevado número de muestras en una 
jornada laboral de trabajo. Otro aspecto que es importante destacar es el nulo 
pretratamiento de las muestras analizadas fuera del sistema usado. Este hecho es un 
aspecto muy positivo a destacar entre las ventajas que presenta la técnica. 
 En la Tabla 2 se resumen todas las muestras y analitos que se han 
analizado por IMS a lo largo de esta Tesis Doctoral. 
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Tabla 2. Resumen de las muestras y analitos analizados por IMS. 
Muestras Analitos 
Orina Acetona 
Pescado Trimetilamina, dimetilamina, amoníaco 
Vinos Acetaldehído, acetato de metilo, acetato de etilo 
Aceites Propanal, 2-propenal, 3-metilbutanal, 2-butenal, pentanal, 2-pentenal, 
hexanal, 2-hexenal, 1-hexanol, 2-hexen-1-ol, acetato de 3-hexenilo, acetato 
de hexilo, nonanal 
 
 
VALIDACIÓN DE MÉTODOS ANALÍTICOS USANDO LA IMS 
 
El potencial de la IMS para su uso en los laboratorios analíticos de rutina se ha 
demostrado validando todas las metodologías presentadas. Para realizar la 
validación se han realizado estudios de precisión, límites de detección y 
cuantificación, linealidad y estudios de recuperación. En algunos trabajos 
presentados en esta Memoria, la validación además se ha realizado analizando 
alícuotas de la misma muestra con otros métodos analíticos convencionales. Esta 
validación adicional hace que los resultados obtenidos con los métodos propuestos 
sean más robustos. La Tabla 3 resume los datos de validación obtenidos de las 
metodologías desarrolladas en esta Memoria. 
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Tabla 3. Resumen de los datos de validación de las metodologías presentadas en esta 
Memoria. 
 
Muestra 
 
Analitos 
 
Precisión 
 
LOD 
(mg/L) 
 
LOQ 
(mg/L) 
Intervalo 
lineal 
(mg/L) 
 
Recuperación 
Comparación 
con otras 
técnicas 
Orina 
(UV-
IMS) 
Acetona 6.7 % 3 9  9-80  109 ±3 % Sí (tiras 
reactivas) 
Pescado 
(UV-
IMS) 
Aminas 
volatiles 
9 % 5 - 5-225 111±17 % No 
Aceites 
de oliva 
(DHS-
TD-UV-
IMS) 
3-
metilbutanal 
2-butenal 
Pentanal 
2-hexenal 
4.3 % 
 
10.5 % 
5.2 % 
7.6 % 
0.3  
 
0.01  
0.2  
0.03  
0.9  
 
0.05  
0.8  
0.03  
0.9-20 
 
0.05-10  
0.8-20  
0.09-20  
114.8 ±35 % 
 
71.5 ± 5 % 
104.2 ± 21 % 
102.3 ± 30 % 
 
 
No 
Vinos  
(UV-
IMS) 
Compuestos 
volátiles 
3.1 %     Sí (GC-FID) 
Aceites 
de oliva  
(UV-
IMS) 
Compuestos 
volátiles 
2.7 %     No 
Aceites 
de oliva  
(GC-
IMS) 
Compuestos 
volátiles 
5.3 %     Sí (paneles de 
cata) 
 
  
 Observando los datos de validación obtenidos en cada uno de los trabajos 
experimentales podemos afirmar que las metodologías propuestas son bastantes 
fiables para poder ser usadas en los laboratorios analíticos tanto de investigación 
como de rutina y sus características analíticas son comparables a las obtenidas con 
las técnicas analíticas convencionales. Es importante destacar los buenos valores de 
precisión obtenidos en cada una de las metodologías desarrolladas los cuales han 
sido menores al 10 % en todos los casos. Otro aspecto a destacar son los valores de 
recuperación obtenidos. Los límites de detección e intervalos lineales de los 
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métodos propuestos fueron buenos para los problemas analíticos planteados, 
aunque hay que resaltar que se podrían obtener mejores valores de sensibilidad si 
se usarán espectrómetros de movilidad iónica con fuente radiactiva. En cambio, los 
intervalos lineales se verían afectados debido al uso de este tipo de fuentes las 
cuales presentan estrechos intervalos lineales. Todos estos factores ponen de 
manifiesto el posible uso de la IMS en los laboratorios de rutina tanto para análisis 
cualitativo como cuantitativo.  
 
 
DISCUSIÓN DEL TRATAMIENTO DE DATOS DE LOS 
ESPECTROS DE MOVILIDAD IÓNICA 
 
Una parte importante del trabajo realizado en esta Tesis Doctoral ha sido el uso de 
diferentes herramientas quimiométricas para poder tratar la alta cantidad de datos 
que nos proporciona el análisis de las muestras usando la IMS y obtener resultados 
que respondan de una forma fiable al problema analítico planteado. 
 Una vez analizadas las muestras siguiendo los distintos diseños 
experimentales presentados se procedió al tratamiento de los datos de movilidad 
iónica. El tratamiento de los datos se dividió en dos partes: pretratamiento y 
análisis multivariante de los datos.  
 Antes del pretratamiento de los datos es conveniente realizar un estudio 
visual de ellos con el fin de eliminar datos anómalos e eliminar aquellos valores 
que no proporcionen información relevante. Además es conveniente organizar los 
datos de la forma más adecuada para realizar el tratamiento quimiométrico usando 
el paquete estadístico seleccionado. La distribución de los datos es distinta si se ha 
realizado o no una separación previa de los analitos presentes en las muestras antes 
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del análisis de movilidad iónica. A continuación se resume la distribución de los 
datos de movilidad iónica atendiendo a este aspecto: 
 - Distribución 1. Si no se ha realizado la separación previa de los analitos, 
los espectros recogidos en cada análisis de muestra se usan como si cada espectro 
fuese una muestra individual. En este caso, cada espectro se considera como una 
submuestra de la muestra, por lo tanto, se obtiene una matriz para cada muestra con 
tantas submuestras como espectros se hayan seleccionado y tantas variables como 
intervalo de datos seleccionado. Esta distribución es adecuada para aumentar el 
número de muestras para realizar un tratamiento quimiométrico más robusto. La 
Figura 6 muestra la distribución de los espectros para este caso.  
 
 
 
 
 
 
 
 
 
 
Figura 6. Distribución de los espectros de una misma muestra si no 
existe paso de separación antes del análisis por IMS. 
 
 - Distribución 2. Si se ha realizado la separación previa (usando columnas 
de separación) de los analitos antes del análisis de movilidad iónica se coloca cada 
espectro correspondiente a una misma muestra uno detrás de otro formando una 
cadena. En este caso si por cada muestra tenemos 1024 variables y 50 espectros, el 
número total de variables que tendríamos sería 51200 variables por muestra, es 
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decir, 1024 x 50. Esta distribución es necesaria para los datos proporcionados por 
GC-IMS debido a que la separación de los analitos se captura en cada espectro por 
lo que varios espectros pueden tener un perfil similar y se pueden obtener 
resultados no satisfactorios. La Figura 7 recoge la distribución de los datos en este 
caso. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 7. Distribución de los espectros de una misma muestra 
usando un paso de separación antes del análisis por IMS. 
 
 Posteriormente se realiza el pretratamiento o procesado de los datos el cual 
lleva implícito el filtrado, ajuste a línea de base cero, alineamiento y centrado de 
los datos. El procesado de los datos es un paso obligatorio en el tratamiento de 
datos debido a que evita posibles fuentes de variabilidad entre las muestras. 
 En IMS, principalmente en GC-IMS, es muy importante realizar un 
alineamiento de los datos antes del tratamiento quimiométrico debido a que 
pequeñas variaciones en la temperatura de la columna multicapilar y velocidad del 
1 espectro 
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flujo puede causar cambios en el tiempo de retención, además pequeñas 
variaciones en la temperatura del tubo de deriva produce cambios en la movilidad 
de los iones. La Figura 8 recoge un PCA en el que se muestra la clasificación 
obtenida para un grupo de muestras sin alinear analizadas en días diferentes en las 
que hubo diferencias en la temperatura ambiental. 
 
 
 
 
 
 
 
 
 
 
Figura 8. PCA obtenido para un mismo grupo de muestras analizadas en días diferentes  
  
 Una vez que se han procesado los datos, uno de los primeros pasos antes 
del tratamiento quimiométrico es la eliminación de datos anómalos (outliers) con el 
fin de encontrar datos o muestras anómalas que se diferencien del resto del de su 
grupo y ello de lugar a peores resultados. Para ello se ha realizado un análisis de 
componentes principales con los datos de cada grupo de muestras con el fin de 
detectar con fiabilidad los outliers.  
 La detección de outliers también se abordó usando los tests estadísticos de 
Hotelling T
2
 y Q
2
 a un intervalo de confianza del 95 %. De esta forma, una muestra 
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se ha considerado como un outlier si los valores de T
2
 y Q
2
 excedían del límite de 
confianza. Es importante destacar, que cuando se ha utilizado la “distribución 1” 
de los datos, una muestra se ha considerado como outlier si la mayoría de sus 
espectros presentaron un alto valor de T
2
 y Q
2
.  
 El análisis de los datos se puede realizar usando métodos univariantes o 
bien métodos multivariantes. En esta Tesis Doctoral se ha usado como método 
univariante el análisis de varianza (ANOVA). Este método permite conocer si 
existen diferencias significativas en las variables de las muestras de forma 
individual. Pero las técnicas univariantes no tienen en cuenta las correlaciones que 
existen entre variables. Este inconveniente queda resuelto con el empleo de las 
técnicas multivariantes (PCA, LDA,…). El PCA se aplicó, en primer lugar, a la 
matriz de datos con el fin de observar el agrupamiento natural de las muestras y 
reducir la dimensionalidad de la matriz de datos inicial. Para crear los modelos de 
clasificación se emplearon las técnicas supervisadas (LDA y kNN). 
 Hay que destacar que todos los modelos quimiométricos realizados en los 
trabajos presentados en esta Memoria han sido validados usando un grupo de datos 
independientes (datos de validación) a los datos usados para la calibración de los 
modelos. Se han usado varios tipos de validación: validación cruzada, validación 
hold out y validación bootstrap. El método de validación más exigente y fiable es 
el de validación bootstrap ya que se asemeja más a la realidad de la 
experimentación. Este método muestrea el grupo de muestras con reemplazo de 
forma aleatoria un número elevado de veces (K=100) y cada vez utiliza 
aproximadamente un 70 % de las muestras para la calibración del método y el 30 
% restante lo utiliza para la validación. Finalmente realiza una media para 
proporcionar el error de validación del método.  
 Por último, es interesante discutir que el uso de la información contenida 
en todo el espectro proporcionó resultados más satisfactorios que el uso de la 
información proporcionada por unos analitos específicos para resolver los 
problemas analíticos planteados en esta Memoria. Esto puede ser debido a que 
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algunas señales difíciles de cuantificar podrían contribuir de manera significativa al 
éxito de la clasificación de las muestras objeto de estudio. Por tanto, para el 
tratamiento de los datos de movilidad iónica es más conveniente el uso de la 
información global que la información de uno o varios analitos. 
 
 
 POTENCIAL DE LA IMS CON RESPECTO A OTRAS TÉCNICAS 
ANALÍTICAS PARA SU USO EN LOS LABORATORIOS DE 
ANÁLISIS DE RUTINA  
 
En este apartado se comparan las ventajas e inconvenientes que presentan los 
métodos propuestos en esta Memoria con las técnicas alternativas que existen hoy 
día para resolver los problemas reales seleccionados. La discusión se ha realizado 
observando las propiedades analíticas básicas (selectividad, sensibilidad y 
precisión) y las propiedades analíticas relacionadas con la productividad (rapidez, 
coste, factores personales, etc.) entre otras propiedades. Las ventajas e 
inconvenientes de los métodos propuestos frente a los métodos convencionales se 
resumen en la Tabla 4. 
 En general, a la vista de las ventajas e inconvenientes presentadas en la 
Tabla 4, podemos resumir que la IMS es una técnica de bajo coste, rápida, precisa, 
no necesita realizar pretratamiento de muestra previo al análisis y versátil, por lo 
tanto, en muchas ocasiones podrá ser una herramienta valiosa para obtener 
información rápida y exacta que permita resolver problemas de distinta naturaleza. 
 De todas las aplicaciones desarrolladas en esta Memoria destacamos los 
métodos propuestos para el análisis del aceite de oliva usando la IMS. Esta técnica 
se propone por primera vez para el control de calidad del aceite de oliva. El método 
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oficial para demostrar la calidad de un aceite de oliva conlleva numerosos análisis 
además del panel de cata, por lo que, se necesitan largos tiempos para confirmar la 
calidad de un aceite de oliva (ver Figura 1 de la página 240). 
 
Tabla 4. Ventajas e inconvenientes de los métodos propuestos frente a otros métodos 
convencionales. 
Problema 
analítico  
Método 
propuesto  
Método 
convencional  
Ventajas  Inconvenientes  
Determinación de 
acetona en orina  
HS-UV-IMS  Tiras reactivas  Fiable  
Sensible  
Posible cuantificación  
Bajo coste por análisis  
Preciso  
Coste de 
adquisición  
Determinación de 
aminas en pescado  
Sistema de 
membrana-
UV-IMS  
Volumetría  Robusto  
Automático  
Rápido  
Escaso empleo de 
reactivos  
Ausencia de 
preparación de 
muestra  
Pequeña cantidad de 
muestra  
Coste de 
adquisición  
Clasificación de 
vinos según su 
origen  
FI-GPS-UV-
IMS  
GC-FID  Rápido  
Bajo coste de análisis 
y adquisición  
Automático  
Sin preparación de 
muestra  
Baja selectividad  
Determinación de 
aldehídos en 
aceites de oliva  
DHS-TD-UV-
IMS  
DHS-GC-MS  Monitorización a 
tiempo real de la 
desorción  
Bajo coste  
Baja selectividad  
Determinación de 
la calidad de un 
aceite de oliva  
HS-MCC-
IMS  
Panel de cata  Rápido  
Objetivo  
Bajo coste de análisis  
Automático  
Presencia de 
falsos positivos 
y negativos  
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 La técnica GC-IMS se presenta como una posible técnica de screening para 
usarla en el sector oleico, la cual permite realizar de forma rápida el análisis de 
muestras de aceite con el fin de conocer su categoría. Observando los porcentajes 
obtenidos, tanto de clasificación (97 %) como de predicción (87 %), podemos decir 
que la GC-IMS es una técnica con buenas aptitudes para el estudio de la calidad de 
muestras de aceite de oliva. Aunque hay que tener en cuenta que las muestras de 
aceite de oliva virgen pueden dar resultados anómalos, ya que, principalemente, las 
muestras de aceite de oliva virgen pueden clasificarse en la categoría de virgen 
extra o lampante y viceversa. Por lo tanto, se debe seguir trabajando en este 
aspecto con el fin de disminuir estos errores, los cuales pueden resultar en pérdidas 
económicas para el sector. Además, la IMS se puede usar para la caracterización 
del aceite de oliva si se emplean columnas de separación previa al análisis de 
movilidad iónica. 
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CONCLUSIONES 
 
La contribución de esta Tesis Doctoral se basa en el estudio de las características 
analíticas de la IMS para su uso en los laboratorios de análisis de rutina. Las 
principales conclusiones derivadas del trabajo de investigación presentado en esta 
Memoria se resumen a continuación. 
 En primer lugar, se han desarrollado distintos SISs con el fin de acoplarlos on-
line al equipo de IMS para llevar a cabo la determinación de forma eficaz de 
diferentes analitos presentes en varias muestras:  
 El sistema de espacio de cabeza estático acoplado a un equipo de 
movilidad iónica portátil permite el análisis rápido, fácil y automático de 
los compuestos gaseosos procedentes de muestras de diversa naturaleza. 
 
 El sistema de membrana ha permitido acoplar la entrada de compuestos 
gaseosos al equipo de IMS evitando que la humedad pueda interferir en las 
medidas de movilidad iónica gracias al uso de una membrana de PTFE. 
 
 El separador gas-líquido ha permitido acoplar de forma sencilla un sistema 
de inyección de flujo al equipo de IMS. Este sistema permite analizar de 
forma totalmente automática muestras líquidas. 
 
 El sistema de espacio de cabeza dinámico-desorción térmica ha aumentado 
la sensibilidad proporcionada por el sistema de espacio de cabeza estático 
y ha aumentado el grado de selectividad de la IMS gracias a la desorción 
térmica de los analitos retenidos en la columna y su posterior 
monitorización de forma inmediata. 
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 La columna multicapilar acoplada al equipo de IMS aumenta la 
sensibilidad en mayor medida que las columnas cromatográficas 
convencionales además de añadir un paso de separación previa antes del 
análisis de movilidad iónica. 
 Todos los SIS usados se caracterizan por su simplicidad, rapidez, versatilidad, 
bajo coste y son respetuosos con el medio ambiente. 
 Los métodos analíticos propuestos en esta Memoria usando la IMS como 
técnica de vanguardia han aportado soluciones a problemáticas de gran interés para 
algunos sectores de la sociedad. 
  Se han desarrollado métodos analíticos empleando la IMS para realizar 
tanto análisis cualitativo como cuantitativo de uno o varios analitos 
presentes en una muestra. 
   - El método analítico desarrollado para determinar acetona en 
muestras de orina usando la IMS es una herramienta útil principalmente en 
clínica veterinaria, debido a su fácil uso y rápida información permitiendo 
al veterinario conocer, por ejemplo, si las vacas toman suficiente alimento 
para mantener la producción de leche durante el período de post-parto. 
 - La determinación de la composición global de aminas (amoníaco, 
dimetilamina y trimetilamina) presentes en muestras de diferentes tipos de 
pescado permite conocer de forma rápida y fiable el grado de frescura de 
dichas muestras. 
  -  La determinación selectiva y sensible de aldehídos volátiles, 
entre tres y seis átomos de carbono, en muestras de aceite de oliva ha 
permitido conocer la calidad de dichas muestras. 
 Se han desarrollado métodos analíticos con el fin de clasificar muestras de 
acuerdo a la calidad (aceites de oliva) o según su origen (vinos) usando el 
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perfil completo de volátiles derivado del análisis de movilidad iónica de las 
muestras. Los resultados obtenidos han sido bastantes satisfactorios en 
ambos casos. El estudio de la caracterización aceites de oliva usando la 
IMS se ha realizado por primera vez en esta Tesis Doctoral obteniendo 
resultados que invitan a seguir investigando en esta área para poder dar 
solución a este y otros problemas de la industria agroalimentaria. 
 Por último, gracias a la aplicación de la quimiometría y usando, en primer 
lugar, técnicas de preprocesado de datos, se evita la variabilidad entre muestras 
derivadas del análisis de las mismas. Posteriormente, el empleo de técnicas 
multivariantes realizan la clasificación de las muestras analizadas. Además hay que 
destacar la fiabilidad de los resultados obtenidos con los modelos quimiométricos 
desarrollados debido a la validación de todos ellos con técnicas de validación 
robustas. La obtención de resultados satisfactorios se ha conseguido mediante el 
análisis de la información global de los espectros de movilidad iónica. 
 En definitiva, se ha demostrado que la IMS puede ser una técnica de screening 
útil en los laboratorios analíticos de rutina como se deriva de los resultados 
obtenidos en los diferentes trabajos experimentales presentados en esta Memoria.  
 
 
 AUTOEVALUACIÓN CIENTÍFICA 
 
La elaboración de esta Memoria junto con la experiencia adquirida a lo largo de 
esta Tesis Doctoral ha permitido obtener una visión general y más objetiva de una 
técnica no muy común en los laboratorios analíticos. Por ello resulta importante y 
enriquecedor el llevar a cabo un análisis crítico de los resultados obtenidos y 
evaluar, por un lado las principales aportaciones que el trabajo realizado puede 
                                                                                                                                 Capítulo VI 
- 298 - 
suponer para la comunidad científica con vista a que en un futuro la IMS pueda ser 
implantada en los laboratorios de análisis de rutina, y por otro, las deficiencias y 
limitaciones con vistas a planificar futuras investigaciones. 
 En esta Tesis Doctoral hemos mejorado una de las propiedades básicas de 
la Química Analítica: la selectividad de la IMS. Esto ha sido posible gracias al 
empleo de una columna Tenax TA y/o una columna multicapilar previa a la 
introducción de los analitos gaseosos en el tubo de deriva para llevar a cabo su 
análisis. Los resultados obtenidos han respondido de forma apropiada a los 
objetivos marcados en los trabajos presentados. Con este acoplamiento se podrá 
aumentar el grado de resolución de la técnica y así competir con otras técnicas 
como, por ejemplo, la GC, la cual se encuentra implantada en numerosos 
laboratorios de análisis. Aunque si no se dispone de un sistema de separación 
previo, la IMS puede dar en algunas ocasiones respuesta a problemas analíticos 
específicos estudiando el perfil de volátiles o índices globales de las muestras. 
 La mejora de la selectividad de la IMS también ha permitido identificar 
analitos presentes en las muestras. Pero la identificación de los analitos a veces 
resulta algo difícil debido a la formación de monómeros, dímeros, en definitiva, de 
diferentes polímeros que se forman en el proceso de ionización de los diferentes 
analitos gaseosos. Para estudiar la formación de estos polímeros se necesitaría el 
uso de otras técnicas como, por ejemplo, la MS. Este acoplamiento IMS-MS no es 
tan simple como unir ambos equipos usando una interfaz, sino que se debe diseñar 
un equipo nuevo en el que se acople el tubo de deriva junto al espectrómetro de 
masas. De esta forma, el espectrómetro de masas se usa como detector del 
espectrómetro de movilidad iónica. 
  En cuanto a los trabajos experimentales dedicados a la clasificación de las 
muestras de aceite de oliva según su calidad, las metodologías analíticas diseñadas 
han respondido de forma adecuada al problema planteado. Pero para que esta 
metodología pueda ser implantada en los laboratorios agroalimentarios para 
resolver el problema actual del sector oleico se deberían tener en cuenta una  serie 
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de limitaciones e intentar buscar soluciones a dichos inconvenientes. Por un lado, 
para poder implantarlas en un laboratorio de análisis de rutina sería necesario 
conocer todas las variables que presenten las muestras que se pretendan analizar, es 
decir, sería necesario conocer el tipo de aceituna usada para la elaboración del 
aceite, la procedencia, etc. En este sentido, se hace imprescindible contar con la 
colaboración de empresas e instituciones del sector oleico que aseguren la 
trazabilidad de las muestras. 
 Por otro lado, otra limitación que presentan los métodos de clasificación  
propuestos es que se deben realizar procesos de aprendizaje periódico de las 
metodologías desarrolladas. Cada nueva campaña de aceituna se debería entrenar el 
sistema, ya que las propiedades o atributos sensoriales del aceite de oliva se ven 
afectados por las condiciones ambientales y agronómicas en las que se produce el 
proceso de maduración del fruto. Esto debería realizarse en cada denominación de 
origen con el fin de asegurar la calidad de los productos que se comercializan bajo 
dicha denominación.   
 De los resultados derivados de esta Tesis Doctoral podemos concluir que la 
IMS puede ser implantada en algunos laboratorios analíticos de rutina como 
sistema de screening para proporcionar de forma rápida información sobre algún 
problema que la sociedad demande. Aunque, en algunas ocasiones, para aumentar 
el grado de información se deberá recurrir a las técnicas analíticas convencionales 
con el fin de obtener información más detallada sobre el problema analítico objeto 
de estudio. 
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 PERSPECTIVAS DE FUTURO 
 
Una vez realizado la autoevaluación del trabajo desarrollado, se recogen las 
perspectivas de futuro de la IMS en nuestro grupo de investigación que van 
dirigidas al uso de la técnica para resolver problemas en el campo agroalimentario 
y medioambiental. 
 
1. Ámbito agroalimentario 
Como punto y seguido a esta Tesis Doctoral, hay que mencionar que se va a seguir 
trabajando en el estudio del potencial de la IMS en el control de calidad de 
muestras agroalimentarias de gran interés para la industria. 
Se va a seguir estudiando el potencial de la IMS para demostrar la calidad 
de un aceite de oliva. En esta Memoria, se ha demostrado por primera vez el 
potencial de la IMS para distinguir diferentes categorías de aceite de oliva, pero no 
se ha explotado el potencial para controlar fraudes que se producen en esta 
industria. Es muy habitual en la industria oleica la adulteración de los aceites de 
oliva (aceites de alta calidad) con otros aceites más baratos (aceites de semillas). El 
método oficial de análisis para controlar la calidad del aceite y el control de fraudes 
necesita largos tiempos de análisis, alta cantidad de muestra y necesita personal 
cualificado entre otros requisitos. De esta forma, la IMS podría ser una técnica 
alternativa más barata y rápida para resolver este problema del sector oleico. 
Dentro del campo agroalimentario, otras aplicaciones podrían estar 
relacionadas con la diferenciación de leche según el sistema de explotación de la 
ganadería (convencional y ecológica) y la diferenciación de carnes de cerdo 
procedentes de la castración física e inmunoquímica. 
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La aplicación de la IMS para resolver problemas en la industria 
agroalimentaria podría producir grandes beneficios para las empresas 
proporcionando un valor añadido a los productos que ellas comercializan. 
 
2. Ámbito ambiental 
Atendiendo a una de las principales ventajas de la IMS como es la facilidad de 
transporte del equipo se va a estudiar el potencial de la IMS para hacer medidas de 
campo. En este caso se va a estudiar el potencial de la IMS para el análisis de 
compuestos orgánicos volátiles en ambientes interiores de trabajo. El objetivo de 
este proyecto consiste en diseñar un método de muestreo para la determinación de 
compuestos orgánicos volátiles (VOCs) con el fin de obtener una nueva estrategia 
para la medida de forma cualitativa o a través de los índices globales de los VOCs 
presentes en muestras de aire. 
  
 En el futuro, se espera que existan técnicas analíticas de vanguardia que 
sean capaces de analizar de forma rápida y eficaz el gran número de muestras que 
cada día reciben los laboratorios de análisis de rutina con el fin de proporcionar 
resultados de alta calidad analítica. 
 

  
Anexo 
PRODUCCIÓN CIENTÍFICA                    

Producción científica 
 - 305 -   
 
ARTÍCULOS CIENTÍFICOS 
 
1. “Sample-introduction systems coupled to ion-mobility spectrometry 
equipment for determining compounds present in gaseous, liquid and 
solid samples” 
L. Arce, M. Menéndez, R. Garrido-Delgado, M. Valcárcel 
Trends in Analytical Chemistry, 2008, 27, 139-150 
Factor de impacto: 5.485 
 
 
2. “Direct determination of volatile analytes from solid samples by UV-Ion 
mobility spectrometry” 
M. Menéndez, R. Garrido-Delgado, L. Arce, M. Valcárcel 
Journal of Chromatography A, 2008, 1215, 8-14 
Factor de impacto: 3.756 
 
 
3. “Use of ion mobility spectroscopy with an ultraviolet ionization source as 
a vanguard screening system for the detection and determination of 
acetone in urine as a biomarker for cow and human diseases” 
R. Garrido-Delgado, L. Arce, C.C. Pérez-Marín, M. Valcárcel 
Talanta, 2009, 78, 863-868 
Factor de impacto: 3.290 
 
 
 
                                                                                                                                             Anexo 
- 306 - 
4. “Direct coupling of a gas-liquid separator to an Ion Mobility 
Spectrometer for the classification of different white wines using 
quemometrics tools”  
R. Garrido-Delgado, L. Arce, A. V. Guaman, A. Pardo, S. Marco, M. 
Valcárcel 
Talanta, 2011, 84, 471-479 
 
 
5. “Direct classification of olive oils by using two types of ion mobility 
spectrometers”  
R. Garrido-Delgado, F. Mercader-Trejo, S. Sielemann, W. de Bruyn, L. 
Arce, M. Valcárcel 
Analytica Chimica Acta, 2011, 696, 108-115 
 
 
6. “Enhancement of sensitivity and selectivity in the determination of 
aldehydes in olive oil by using a Tenax TA trap coupled to an UV-Ion 
Mobility Spectrometer” 
R. Garrido-Delgado, F. Mercader-Trejo, L. Arce, M. Valcárcel 
Journal of Chromatography A, 2011, 1218, 7543-7549 
 
 
      7. “Multi-capillary column-ion mobility spectrometry: a potential     
 screening system to differentiate virgin olive oils” 
R. Garrido-Delgado, L. Arce, M. Valcárcel 
Analytical and Bioanalytical Chemistry, 2011 
DOI: 10.1007/s00216-011-5328-1 
 
 
 
 
 
Producción científica 
 - 307 -   
 
                                                                                                                                             Anexo 
- 308 - 
 
 
Producción científica 
 - 309 -   
 
  
                                                                                                                                             Anexo 
- 310 - 
 
 
Producción científica 
 - 311 -   
 
                                                                                                                                             Anexo 
- 312 - 
 
 
 
Producción científica 
 - 313 -   
 
                                                                                                                                             Anexo 
- 314 - 
 
 
COMUNICACIONES A CONGRESOS 
 
 
1. VII Jornadas Doctorales Andaluzas, (Sevilla, España, 2009)  
Póster: “Desarrollo de distintos sistemas de introducción de muestras 
acoplados a la Espectrometría de Movilidad Iónica para resolver 
problemas en el ámbito clínico y agroalimentario” 
R. Garrido-Delgado 
 
 
2. 18th Internacional Conference on Ion Mobility Spectrometry, 
(Thum, Suiza, 2009) 
Comunicación oral: ―Development of sample introduction systems coupled 
to Ion Mobility Spectrometry equipment for determining compounds 
present in liquid and solid samples” 
L. Arce, R, Garrido-Delgado, M. Valcárcel 
 
 
3. XII Reunión del Grupo Regional Andaluz de la Sociedad Española, 
(Córdoba, España 2010) 
Póster 1: ―Ion Mobility Spectrometry used as a vanguard tool for foods 
quality control. Olive oils classification as a case of study‖  
R. Garrido-Delgado, F. Mercader-Trejo, S. Sielemann, W. de Bruyn, L. 
Arce, M. Valcárcel  
Póster 2: ―Vanguard technique based on Ion Mobility Spectrometry to 
detect possible frauds in the food chemistry‖  
R. Garrido-Delgado, A. Pardo, S. Marco, L. Arce, M. Valcárcel  
 
 
Producción científica 
 - 315 -   
4. 19th International Conference on Ion Mobility Spectrometry, 
(Nuevo México, EEUU, 2010) 
Comunicación oral: “IMS and multivariate signal processing for a wine 
classification application” 
R. Garrido-Delgado, L. Arce,
 
A. Pardo, S. Marco, M. Valcárcel 
 
 
5. 20th International Conference on Ion Mobility Spectrometry, 
(Edimburgo, Reino Unido, 2011) 
Comunicación oral: ―Use of global IMS information versus specific IMS 
information for the direct classification of olive oil samples‖ 
L. Arce,
 
R. Garrido-Delgado, M. Valcárcel 
 
